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APPARATUS AND METHOD FOR
DETECTING ABNORMAL AIR-FUEL RATIO
VARIATION AMONG CYLINDERS OF
MULTI-CYLINDER INTERNAL
COMBUSTION ENGINE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates generally to an apparatus and method
for detecting abnormal air-fuel ratio variation among cylin-
ders of a multi-cylinder internal combustion engine. More
specifically, the invention relates to an apparatus and method
for detecting relatively great air-fuel ratio variation among
cylinders of a multi-cylinder internal combustion engine.

2. Description of the Related Art

In an internal combustion engine provided with an exhaust
gas control system that uses a catalyst, it is usually necessary
to control a mixture ratio between air and fuel, which consti-
tute an air-fuel mixture that is burned in the internal combus-
tion engine, that is, an air-fuel ratio, in order to remove toxic
substances in the exhaust gas using the catalyst with high
efficiency. To control the air-fuel ratio, an air-fuel ratio sensor
is provided in an exhaust passage of the internal combustion
engine, and feedback control is executed so that the air-fuel
ratio that is detected by the air-fuel ratio sensor matches a
predetermined target air-fuel ratio.

In a multi-cylinder internal combustion engine, air-fuel
ratio control is usually executed using the same control
amount for all the cylinders. Therefore, even if the air-fuel
ratio control is executed, the actual air-fuel ratio may vary
among the cylinders. If the variation range is narrow, such
small air-fuel ratio variation is absorbed by executing the
air-fuel ratio feedback control, and toxic substances in the
exhaust gas are removed by the catalyst. Therefore, such
small air-fuel ratio variation does not exert an influence on the
exhaust emission, and, therefore, does not cause a problem.
However, if the air-fuel ratio greatly varies among the cylin-
ders due to, for example, a malfunction of a fuel injection
system of part of the cylinders, the exhaust emission deterio-
rates, which may cause a problem. Preferably, such great
air-fuel ratio variation that may cause deterioration of the
exhaust emission should be detected as an abnormality. Espe-
cially, in the case of an internal combustion engine for an
automobile, detecting abnormal air-fuel ratio variation
among cylinders using an on-board device is required in order
to prevent a vehicle that emits deteriorated exhaust emission
from running. Recently, there are moves for legislating for
provision of an on-board device that detects abnormal air-fuel
ratio variation among the cylinders.

Japanese Patent Application Publication No. 04-318250
(JP-A-04-318250) describes an apparatus which determines
that a fuel supply system malfunctions when an air-fuel ratio
feedback correction coefficient that is used in air-fuel ratio
feedback control is equal to or larger than a predetermined
value. The apparatus is able to determine that some sort of
malfunction has occurred somewhere in the fuel supply sys-
tem. However, the apparatus is not able to detect abnormal
air-fuel ratio variation, that is, abnormal deviation of the
air-fuel ratio in at least one cylinder from the air-fuel ratio in
the other cylinders.

Japanese Patent Application Publication No. 2000-220489
(JP-A-2000-220489) describes an engine control apparatus
that calculates air-fuel ratios in respective cylinders and indi-
vidually controls the air-fuel ratios in the cylinders, in a
multi-cylinder engine in which a single air-fuel ratio sensor is
arranged in an exhaust pipe gathering portion of the engine.
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The engine control apparatus calculates an air-fuel ratio based
on a signal output from the air-fuel ratio sensor, analyzes the
calculated air-fuel ratio into frequency components in a pre-
determined range, and estimates the air-fuel ratios in the
respective cylinders based on the analyzed frequency com-
ponents.

If the air-fuel ratios in the respective cylinders are esti-
mated using, for example, the apparatus described in
JP-2000-220489, it may be possible to determine whether
abnormal air-fuel ratio variation among the cylinders has
occurred by comparing the air-fuel ratios with each other.
However, with the apparatus described in JP-A-2000-
220489, it is necessary to detect the fluctuations of'the air-fuel
ratio that is in synchronization with engine rotation in short
cycles using the air-fuel ratio sensor. Therefore, a consider-
ably highly-responsive air-fuel ratio sensor is required. Even
when such an air-fuel ratio sensor is available, if the sensor
deteriorates and therefore the response becomes slower, the
sensor may fail to function properly. In addition, a high-speed
processing data sample and a powerful ECU are required. Itis
difficult to separate fluctuations of the air-fuel ratio and noise
from each other to detect only the fluctuations of the air-fuel
ratio using a highly-responsive sensor. Further, restrictions
are imposed on the engine operating condition, for example,
the engine operating condition is restricted to the steady oper-
ating condition to minimize disturbance. It is preferable to
arrange the sensor at a position as close as possible to a
combustion chamber in order to detect the fluctuations of the
air-fuel ratio that is in synchronization with engine rotation.
However, in this case, a crack may be caused in a sensor
element due to moisture in the exhaust gas. Therefore, it is
necessary to select an exhaust manifold having an appropriate
shape and to arrange the sensor at an appropriate position so
that the gas contacts the air-fuel ratio sensor appropriately. As
described above, even if the air-fuel ratios in the respective
cylinders are estimated to determine whether abnormal air-
fuel ratio variation among the cylinders has occurred, there
are many problems to be solved. Therefore, it is difficult to
actually implement the above-described technology.

SUMMARY OF THE INVENTION

The invention provides a practical apparatus and method
for accurately detecting abnormal air-fuel ratio variation
among cylinders of a multi-cylinder internal combustion
engine.

A first aspect of the invention relates to an apparatus for
detecting abnormal air-fuel ratio variation among cylinders of
a multi-cylinder internal combustion engine. The apparatus
includes: a catalyst element that is provided in an exhaust
passage of the multi-cylinder internal combustion engine, and
that oxidizes at least hydrogen contained in exhaust gas to
remove the hydrogen; a first air-fuel ratio sensor that detects
a first exhaust gas air-fuel ratio which is an air-fuel ratio of
exhaust gas that has not passed through the catalyst element;
a second air-fuel ratio sensor that detects a second exhaust gas
air-fuel ratio which is an air-fuel ratio of exhaust gas that has
passed through the catalyst element; and abnormality deter-
mination means for determining whether abnormal air-fuel
ratio variation among the cylinders has occurred based on an
amount by which a detection value of the second exhaust gas
air-fuel ratio is leaner than a detection value of the first
exhaust gas air-fuel ratio.

Ifthe air-fuel ratio in part of the cylinders is richer than the
stoichiometric air-fuel ratio, the amount of hydrogen in the
exhaust gas tends to increase considerably. Meanwhile, when
the exhaust gas that contains hydrogen passes through the
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catalyst element, the hydrogen is oxidized and therefore
removed. Therefore, the detection value of the first air-fuel
ratio of the exhaust gas, which has not passed through the
catalyst element and from which hydrogen has not been
removed, is richer than the detection value of the second
air-fuel ratio of the exhaust gas, which has passed through the
catalyst element and from which hydrogen has been removed,
due to the influence of hydrogen. Conversely, the detection
value of the second exhaust gas air-fuel ratio is leaner than the
detection value of'the first exhaust gas air-fuel ratio due to the
influence of hydrogen. Therefore, whether abnormal air-fuel
ratio variation among the cylinders has occurred is deter-
mined based on the amount by which the detection value of
the second exhaust gas air-fuel ratio is leaner than the detec-
tion value of the first exhaust gas air-fuel ratio (hereinafter,
referred to as “lean-deviation” where appropriate). The lean-
deviation is larger when the air-fuel ratio in only part of the
cylinders is richer than the stoichiometric air-fuel ratio than
when the air-fuel ratios in all the cylinders are equally and
uniformly richer than the stoichiometric air-fuel ratio. There-
fore, the amount of hydrogen in the exhaust gas is larger when
the air-fuel ratio in only part of the cylinders is richer than the
stoichiometric air-fuel ratio than when the air-fuel ratios in all
the cylinders are equally and uniformly richer than the sto-
ichiometric air-fuel ratio. Accordingly, monitoring such lean-
deviation makes it possible to distinguish a case where the
air-fuel ratio in only part of the cylinders deviates from the
stoichiometric air-fuel ratio from a case where the air-fuel
ratios in all the cylinders equally deviate from the stoichio-
metric air-fuel ratio, and determine whether abnormal air-fuel
ratio variation has occurred among the cylinders. Therefore,
the air-fuel ratio sensor need not be a highly-responsive one.
As a result, it is possible to provide the useful apparatus that
accurately determines whether abnormal air-fuel ratio varia-
tion has occurred among the cylinders.

In the first aspect of the invention, the first air-fuel ratio
sensor may be arranged in the exhaust passage at a position
upstream of the catalyst element, the second air-fuel ratio
sensor may be arranged in the exhaust passage at a position
downstream of the catalyst element, and the apparatus may
further include air-fuel ratio control means for executing air-
fuel ratio control that includes main air-fuel ratio control for
bringing the detection value of the first exhaust gas air-fuel
ratio to a predetermined first target air-fuel ratio and sub-air-
fuel ratio control for bringing the detection value of the sec-
ond exhaust gas air-fuel ratio to a predetermined second tar-
get air-fuel ratio.

The abnormality determination means may determine that
abnormal air-fuel ratio variation among the cylinders has
occurred when the detection value of the second exhaust gas
air-fuel ratio is continuously leaner than the first target air-
fuel ratio for a predetermined duration or longer during the
air-fuel ratio control executed by the air-fuel ratio control
means.

For example, when a malfunction has occurred in an injec-
tor of only part of the cylinders and the air-fuel ratio in the part
of'the cylinders is richer than the stoichiometric air-fuel ratio
by a large amount, if the main air-fuel ratio control is
executed, the total air-fuel ratio of the exhaust gas after the
exhaust gas from all the cylinders are gathered is controlled to
the first target air-fuel ratio. However, the air-fuel ratio in the
part of the cylinders is richer than the first target air-fuel ratio
by alarge amount, and the air-fuel ratios in the other cylinders
are leaner than the first target air-fuel ratio, although the total
air-fuel ratio is a value around the first target air-fuel ratio. In
addition, as a result of generation of a large amount of hydro-
gen in the part of the cylinders, an output from the first air-fuel
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ratio sensor erroneously indicates an air-fuel ratio that is
richer than the actual air-fuel ratio as the first target air-fuel
ratio.

When the exhaust gas that contains hydrogen passes
through the catalyst element, the hydrogen is removed and no
longer exerts an influence on the air-fuel ratio. Therefore, the
output from the second air-fuel ratio sensor indicates the
actual air-fuel ratio, that is, the air-fuel ratio that is leaner than
the first target air-fuel ratio.

Therefore, according to the aspect of the invention
described above, it is determined that abnormal air-fuel ratio
variation has occurred among the cylinders, when the detec-
tion value of the second exhaust gas air-fuel ratio detected by
the second air-fuel ratio sensor is continuously leaner than the
first target air-fuel ratio for the predetermined duration or
longer although the first exhaust gas air-fuel ratio is con-
trolled to the first target air-fuel ratio by the main air-fuel ratio
control. The air-fuel ratio differs between the upstream side
and the downstream side of the catalyst because a consider-
ably large amount of hydrogen is generated due to a malfunc-
tion of, for example, the injector of part of the cylinders.

The air-fuel ratio control means may calculate a control
amount that is used in the sub-air-fuel ratio control based on
an output from the second air-fuel ratio sensor, and the abnor-
mality determination means may determine that abnormal
air-fuel ratio variation among the cylinders has occurred,
when the control amount is a value that is equal to or larger
than a predetermined value based on which the second
exhaust gas air-fuel ratio is corrected to a richer value during
the air-fuel ratio control executed by the air-fuel ratio control
means.

If abnormal air-fuel ratio variation among the cylinders has
occurred due to, for example, a malfunction in the injector of
part of the cylinders, the second air-fuel ratio sensor continu-
ously detects a value indicating a lean air-fuel ratio. There-
fore, the control amount that is used in the sub-air-fuel ratio
controlis a value based on which the air-fuel ratio is corrected
to a richer value in order to offset the lean-deviation. There-
fore, using this phenomenon, it is determined that abnormal
air-fuel ratio variation among the cylinders has occurred
when the control amount is a value equal to or lager than the
predetermined value based on which the second exhaust gas
air-fuel ratio is corrected to a richer value.

The air-fuel ratio control means may forcibly set the first
target air-fuel ratio that is used in the main air-fuel ratio
control to a value that is richer than a reference value, and the
abnormality determination means may determine that abnor-
mal air-fuel ratio variation among the cylinders has occurred
when the detection value of the second exhaust gas air-fuel
ratio is continuously leaner than the second target air-fuel
ratio during the air-fuel ratio control executed by the air-fuel
ratio control means.

When abnormal air-fuel ratio variation among the cylin-
ders has occurred, the second exhaust gas air-fuel ratio is lean
although the first exhaust gas air-fuel ratio is controlled to the
first target air-fuel ratio, due to the influence of hydrogen.
Therefore, even if the first exhaust gas air-fuel ratio is forcibly
controlled to a value richer than the first target air-fuel ratio,
the second exhaust gas air-fuel ratio is lean. Accordingly,
whether abnormal air-fuel ratio variation has occurred is
determined using this phenomenon.

The catalyst element may be arranged in a sensor element
of'the second air-fuel ratio sensor, and the abnormality deter-
mination means may determine that abnormal air-fuel ratio
variation among the cylinders has occurred when the detec-
tion value of the second exhaust gas air-fuel ratio is leaner
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than the detection value of the first exhaust gas air-fuel ratio
by an amount that is equal to or larger than a predetermined
value.

In this case, the second air-fuel ratio sensor detects the
second exhaust gas air-fuel ratio, that is, the air-fuel ratio of
the exhaust gas from which hydrogen has been removed by
the catalyst element that is arranged in the sensor element.
Therefore, when abnormal air-fuel ratio variation among the
cylinders has occurred, the output from the second air-fuel
ratio sensor is leaner than the output from the first air-fuel
ratio sensor by a large amount. Therefore, monitoring the
difference between the outputs from these sensors makes it
possible to determine whether abnormal air-fuel ratio varia-
tion among the cylinders has occurred.

Each of the first target air-fuel ratio and the second target
air-fuel ratio may be set to a stoichiometric air-fuel ratio.

The air-fuel ratio control means may update a control
amount that is used in the sub-air-fuel ratio control at a pre-
determined update rate based on an output from the second
air-fuel ratio sensor, and the abnormality determination
means may determine that abnormal air-fuel ratio variation
among the cylinders has occurred when the control amount
reaches a predetermined abnormality determination value
based on which the second exhaust gas air-fuel ratio is cor-
rected to a richer value. When the air-fuel ratio control means
executes the sub-air-fuel ratio control using the control
amount that is within a predetermined guard range and the
abnormality determination means determines whether abnor-
mal air-fuel ratio variation among the cylinders has occurred,
the air-fuel ratio control means may execute at least one of
control for increasing the guard range so that the guard range
includes the abnormality determination value and control for
increasing the update rate for the control amount.

When the guard range for the control amount is set, in some
cases, the control amount is not able to reach the abnormality
determination value because the upper limit value of the
guard range is lower than the abnormality determination
value which is compared with the control amount. In addition,
because the control amount is gradually updated, it takes a
long time for the control amount to actually reach the abnor-
mality determination value. Therefore, to solve these prob-
lems, at least one of the control for increasing the guard range
so that the guard range includes the abnormality determina-
tion value and the control for increasing the update rate for the
control amount is executed. Thus, it is possible to accurately
determine whether abnormal air-fuel ratio variation among
the cylinders has occurred.

The apparatus may further include preliminary determina-
tion means for preliminarily determining whether there is a
possibility that abnormal air-fuel ratio variation among the
cylinders has occurred before the abnormality determination
means confirms whether abnormal air-fuel ratio variation
among the cylinders has occurred. The abnormality determi-
nation means may confirm whether abnormal air-fuel ratio
variation among the cylinders has occurred after the prelimi-
nary determination means determines that there is a possibil-
ity that air-fuel ratio variation among the cylinders has
occurred.

The preliminary determination means may determine that
there is a possibility that abnormal air-fuel ratio variation
among the cylinders has occurred, when at least one of a) a
condition that an integrated value, which is obtained by inte-
grating a difference between an output from the first air-fuel
ratio sensor and a sensor output corresponding to the first
target air-fuel ratio for a predetermined duration, exceeds a
predetermined value, b) a condition that the second exhaust
gas air-fuel ratio that is detected by the second air-fuel ratio
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sensor is continuously leaner than the first target air-fuel ratio
for a predetermined duration or longer, and ¢) a condition that
aratio or a difference between an amount of oxygen stored in
the catalyst element and an amount of oxygen released from
the catalyst element is larger than a predetermined value is
satisfied.

A second aspect of the invention relates to an apparatus for
detecting abnormal air-fuel ratio variation among cylinders of
a multi-cylinder internal combustion engine. The apparatus
includes: a hydrogen concentration sensor that is arranged in
an exhaust passage, and that detects a hydrogen concentration
in exhaust gas; and abnormality determination means for
determining whether abnormal air-fuel ratio variation among
the cylinders has occurred based on an output from the hydro-
gen concentration sensor.

When abnormal air-fuel ratio variation among the cylin-
ders has occurred, the hydrogen concentration in the exhaust
gas increases. Using this phenomenon, it is possible to deter-
mine whether abnormal air-fuel ratio variation among the
cylinders has occurred.

A third aspect of the invention relates to a method for
detecting abnormal air-fuel ratio variation among cylinders of
a multi-cylinder internal combustion engine in which a cata-
lyst element, which oxidizes at least hydrogen contained in
exhaust gas to remove the hydrogen, is provided in an exhaust
passage. The method includes: detecting a first exhaust gas
air-fuel ratio which is an air-fuel ratio of exhaust gas that has
not passed through the catalyst element; detecting a second
exhaust gas air-fuel ratio which is an air-fuel ratio of exhaust
gas that has passed through the catalyst element; and deter-
mining whether abnormal air-fuel ratio variation among the
cylinders has occurred based on an amount by which a detec-
tion value of the second exhaust gas air-fuel ratio is leaner
than a detection value of the first exhaust gas air-fuel ratio.

In the third aspect of the invention, a first air-fuel ratio
sensor that detects the first exhaust gas air-fuel ratio may be
arranged in the exhaust passage at a position upstream of the
catalyst element; and a second air-fuel ratio sensor that
detects the second exhaust gas air-fuel ratio may be arranged
in the exhaust passage at a position downstream of the cata-
lyst element. The method may further include executing air-
fuel ratio control that includes main air-fuel ratio control for
bringing the detection value of the first exhaust gas air-fuel
ratio to a predetermined first target air-fuel ratio and sub-air-
fuel ratio control for bringing the detection value of the sec-
ond exhaust gas air-fuel ratio to a predetermined second tar-
get air-fuel ratio.

It may be determined that abnormal air-fuel ratio variation
among the cylinders has occurred when the detection value of
the second exhaust gas air-fuel ratio is continuously leaner
than the first target air-fuel ratio for a predetermined duration
or longer during the air-fuel ratio control.

The air-fuel ratio control may include calculating a control
amount that is used in the sub-air-fuel ratio control. It may be
determined that abnormal air-fuel ratio variation among the
cylinders has occurred when the control amount is a value that
is equal to or larger than a predetermined value based on
which the second exhaust gas air-fuel ratio is corrected to a
richer value during the air-fuel ratio control.

The air-fuel ratio control may include forcibly setting the
first target air-fuel ratio that is used in the main air-fuel ratio
control to a value that is richer than a reference value. It may
be determined that abnormal air-fuel ratio variation among
the cylinders has occurred when the detection value of the
second exhaust gas air-fuel ratio is continuously leaner than
the second target air-fuel ratio during the air-fuel ratio con-
trol.
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The first exhaust gas air-fuel ratio may be detected by a first
air-fuel ratio sensor, the second exhaust gas air-fuel ratio may
be detected by a second air-fuel ratio sensor, and the catalyst
element may be arranged in a sensor element of the second
air-fuel ratio sensor. It may be determined that abnormal
air-fuel ratio variation among the cylinders has occurred
when the detection value of the second exhaust gas air-fuel
ratio is leaner than the detection value of the first exhaust gas
air-fuel ratio by an amount that is equal to or larger than a
predetermined value.

Each of the first target air-fuel ratio and the second target
air-fuel ratio may be set to a stoichiometric air-fuel ratio.

A fourth aspect of the invention relates to a method for
detecting abnormal air-fuel ratio variation among cylinders of
a multi-cylinder internal combustion engine in which a
hydrogen concentration sensor that detects a hydrogen con-
centration in exhaust gas is arranged in an exhaust passage.
The method includes determining whether abnormal air-fuel
ratio variation among the cylinders has occurred based on an
output from the hydrogen concentration sensor.

According to the aspects of the invention described above,
it is possible to provide a practical apparatus and method for
accurately detecting abnormal air-fuel ratio variation among
cylinders of a multi-cylinder internal combustion engine.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further features and advantages of the
invention will become apparent from the following descrip-
tion of example embodiments with reference to the accom-
panying drawings, wherein the same or corresponding por-
tions will be denoted by the same reference numerals and
wherein:

FIG. 1 is a view schematically showing an internal com-
bustion engine according to an embodiment of the invention;

FIG. 2 is a graph indicating output characteristics of a
catalyst upstream-side sensor;

FIG. 3 is a graph indicating output characteristics of a
catalyst downstream-side sensor;

FIG. 4 is a flowchart showing an air-fuel ratio control
routine;

FIG. 5 is a map for calculating a main air-fuel ratio correc-
tion amount;

FIG. 6 is a flowchart showing a routine for setting a sub-
air-fuel ratio correction amount;

FIG. 7 is a graph showing a deviation of an output from the
catalyst downstream-side sensor from a sensor output corre-
sponding to the stoichiometric air fuel ratio, and integration
of the deviation;

FIG. 8 is a map for calculating a sub-air-fuel ratio correc-
tion amount;

FIG.9is a view showing the state in which the air-fuel ratio
in one cylinder is richer than the air-fuel ratio in the other
cylinders, and illustrating determination as to whether abnor-
mal air-fuel ratio variation among the cylinders has occurred
according to a first embodiment of the invention;

FIG. 10 is a graph showing the relationship between devia-
tion of the air-fuel ratio in one cylinder from the stoichiomet-
ric air-fuel ratio and the amount of hydrogen that is dis-
charged from a combustion chamber;

FIG. 11 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred according to the first embodiment of the inven-
tion;

FIG. 12 is a graph showing the result of a test in which the
relationship between an imbalance rate and a learned value
obtained by the catalyst downstream-side sensor is examined;
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FIG. 13 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred according to a second embodiment of the inven-
tion;

FIG. 14 is a view illustrating determination as to whether
abnormal air-fuel ratio variation among the cylinders has
occurred according to a third embodiment of the invention;

FIG. 15 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred according to the third embodiment of the inven-
tion;

FIG. 16 is a view illustrating determination as to whether
abnormal air-fuel ratio variation among the cylinders has
occurred according to a fourth embodiment of the invention;

FIG. 17 is a cross-sectional view showing a sensor element
of a catalyst upstream-side sensor with a catalyst;

FIG. 18 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred according to the fourth embodiment of the
invention;

FIG. 19 is a view schematically showing the structure of a
main portion according to a fifth embodiment of the inven-
tion;

FIG. 20 is a map for calculating a main air-fuel ratio cor-
rection amount;

FIG. 21 is a map for calculating a sub-air-fuel ratio correc-
tion amount;

FIG. 22 is a graph showing the result of a test in which the
relationship between an imbalance rate and a learned value
obtained by the catalyst downstream-side sensor is examined;

FIG. 23 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred according to a sixth embodiment of the inven-
tion;

FIGS. 24 A and 24B are graphs showing the fluctuations of
the air-fuel ratio of the exhaust gas when abnormal air-fuel
ratio variation among the cylinders has occurred;

FIG. 25 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred, the routine including a first example of a pre-
liminary determination;

FIG. 26 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred, the routine including a second example of a
preliminary determination;

FIGS. 27A 10 27D are time-charts illustrating a method for
measuring the amount of stored oxygen and the amount of
released oxygen; and

FIG. 28 is a flowchart showing a routine for determining
whether abnormal air-fuel ratio variation among the cylinders
has occurred, the routine including a third example of a pre-
liminary determination.

DETAILED DESCRIPTION OF EMBODIMENTS

Hereafter, example embodiments of the invention will be
described with reference to the accompanying drawings.

FIG. 1 is a view schematically showing an internal com-
bustion engine according to an embodiment of the invention.
As shown in FIG. 1, an internal combustion engine 1 burns
air-fuel mixture in combustion chambers 3, which are within
acylinder block 2, to reciprocate pistons in cylinders, thereby
producing power. The internal combustion engine 1 accord-
ing to the embodiment is a multi-cylinder internal combustion
engine for an automobile, more specifically, an in-line four
cylinder spark ignition internal combustion engine, that is, a
gasoline engine. However, an internal combustion engine to
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which the invention is applicable is not limited to the internal
combustion engine described above. The invention is appli-
cable to any type of multi-cylinder internal combustion
engine regardless of the number of cylinders, ignition
method, etc.

Although not shown in FIG. 1, each cylinder is provided
with an intake valve that opens or closes an intake port and an
exhaust valve that opens or closes an exhaust port. The intake
valve and the exhaust valve are arranged in a cylinder head of
the internal combustion engine 1. The intake valves and the
exhaust valves are opened or closed by camshafts. Spark
plugs 7, which are used to ignite the air-fuel mixture in the
combustion chambers 3, are fitted to the top portions of the
cylinder head. Each cylinder is provided with the spark plug
7.

The intake ports of the respective cylinders are connected
to a surge tank 8, which is an intake air gathering chamber,
through branch pipes 4 that are communicated with the
respective cylinders. An intake pipe 13 is connected to an
upstream-side portion of the surge tank 8, and an air cleaner 9
is provided at an upstream-side end portion of the intake pipe
13. An airflow meter 5 that detects the intake air amount is
fitted to the intake pipe 13. An electronically-controlled
throttle valve 10 is arranged in the intake pipe 13 at a position
downstream of the airflow meter 5. The intake ports, the
branch pipes, the surge tank 8, and the intake pipe 13 consti-
tute an intake passage.

The cylinders are provided with injectors 12 that inject fuel
into the intake passage, more specifically, into the intake
ports. The fuel injected from the injector 12 is mixed with the
intake air to form the air-fuel mixture. The air-fuel mixture is
taken into the combustion chamber 3 when the intake valve is
open, compressed by the piston, ignited by the ignition plug 7,
and then burned.

The exhaust ports of the respective cylinders are connected
to an exhaust manifold 14. The exhaust manifold 14 is formed
of branch pipes 14a, which are upstream-side portions of the
exhaust manifold 14 and which are connected to the respec-
tive cylinders, and an exhaust gas gathering portion 145,
which is a downstream-side portion of the exhaust manifold
14. An exhaust pipe 6 is connected to a downstream-side
portion of the exhaust gas gathering portion 145. The exhaust
ports, the exhaust manifold 14 and the exhaust pipe 6 consti-
tute an exhaust passage. A catalyst 11 that is formed of a
three-way catalyst is fitted to the exhaust pipe 6. The catalyst
11 functions as a catalyst element according to the invention.
A first air-fuel ratio sensor, that is, a catalyst upstream-side
sensor 17, is arranged upstream of the catalyst 11. A second
air-fuel ratio sensor, that is, a catalyst downstream-side sensor
18, is arranged downstream of the catalyst 11. The catalyst
upstream-side sensor 17 is arranged in the exhaust passage at
a position immediately upstream of the catalyst 11, and the
catalyst downstream-side sensor 18 is arranged in the exhaust
passage at a position immediately downstream of the catalyst
11. The catalyst upstream-side sensor 17 and the catalyst-
downstream side sensor 18 detect the air-fuel ratio based on
the oxygen concentration in the exhaust gas. As described
above, the single catalyst upstream-side sensor 17 is arranged
in the exhaust passage at the exhaust gas gathering portion.

The above-described spark plugs 7, the throttle valve 10,
the injectors 12, etc. are electrically connected to an elec-
tronic control unit (hereinafter, referred to as “ECU”) 20 that
functions as control means. The ECU 20 includes a CPU, a
ROM, a RAM, an input port, an output port, a storage unit,
etc. (all of which are not shown). As shown in FIG. 1, in
addition to the airflow meter 5, the catalyst upstream-side
sensor 17, and the catalyst downstream-side sensor 18, a
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crank angle sensor 16 that detects a crank angle of the internal
combustion engine 1, an accelerator pedal operation amount
sensor 15 that detects an accelerator pedal operation amount,
and various other sensors are connected to the ECU 20 via, for
example, an A/D converter (not shown). The ECU 20 controls
the spark plugs 7, the throttle valve 10, the injectors 12, etc. to
control the ignition timing, the fuel injection amount, the fuel
injection timing, the throttle valve opening amount, etc. The
throttle valve opening amount is usually controlled to an
opening amount that corresponds to the accelerator pedal
operation amount.

The catalyst 11 removes NOx, HC and CO, which are toxic
substances in the exhaust gas, at the same time, when an
air-fuel ratio A/F in the exhaust gas that flows into the catalyst
11 is at or around the stoichiometric air-fuel ratio (e.g.
A/F=14.6). The air-fuel ratio range, in which NOx, HC and
CO are removed at the same time with high efficiency, is
relatively narrow. In addition, the catalyst 11 oxidizes (burns)
hydrogen H, that is mixed into the exhaust gas to remove it.

The catalyst upstream-side sensor 17 is formed of a so-
called wide-range air-fuel ratio sensor, and is able to continu-
ously detect a relatively wide range of air-fuel ratio. FIG. 2
shows output characteristics of the catalyst upstream-side
sensor 17. As shown in FIG. 2, the catalyst upstream-side
sensor 17 outputs a voltage signal Vfhaving a magnitude that
is proportional to the detected air-fuel ratio of the exhaust gas.
An output voltage when the air-fuel ratio of the exhaust gas
matches the stoichiometric air-fuel ratio is denoted by Vreft
(e.g. approximately 3.3 V). The slope of the line indicating the
relationship between the air-fuel ratio and the output voltage
changes when the air-fuel ratio reaches the stoichiometric
air-fuel ratio.

The catalyst downstream-side sensor 18 is formed of a
so-called O, sensor. The output value from the catalyst down-
stream-side sensor 18 sharply changes when the air-fuel ratio
reaches the stoichiometric air-fuel ratio. FIG. 3 shows the
output characteristics of the catalyst downstream-side sensor
18. As shown in FIG. 3, an output voltage Vr from the catalyst
downstream-side sensor 18 transitionally changes when the
air-fuel ratio is around the stoichiometric air-fuel ratio. When
the detected air-fuel ratio of the exhaust gas is leaner than the
stoichiometric air-fuel ratio, the output voltage Vr exhibits a
small value, for example, approximately 0.1 V. When the
detected air-fuel ratio of the exhaust gas is richer than the
stoichiometric air-fuel ratio, the output voltage Vr exhibits a
large value, for example, approximately 0.9 V. A voltage
Vrefr of 0.45 V, which is approximately the intermediate
value between 0.1 V and 0.9V, is regarded as a value corre-
sponding to the stoichiometric air-fuel ratio. When the output
voltage from the catalyst downstream-side sensor 18 is larger
than Vrefr, the air-fuel ratio of the exhaust gas is richer than
the stoichiometric air-fuel ratio. When the output voltage
from the catalyst downstream-side sensor 18 is smaller than
Vreft, the air-fuel ratio of the exhaust gas is leaner than the
stoichiometric air-fuel ratio. The air-fuel ratio of the exhaust
gas is detected in this way.

When hydrogen is contained in the exhaust gas that is
discharged from the combustion chamber 3, the air-fuel ratio
of the exhaust gas, which has not passed through the catalyst
11 and which contains hydrogen, that is, a first exhaust gas
air-fuel ratio, is detected by the catalyst upstream-side sensor
17, that is, a first air-fuel ratio sensor. When the exhaust gas
that contains hydrogen passes through the catalyst 11, the
hydrogen in the exhaust gas is removed by the catalyst 11. The
air-fuel ratio of the exhaust gas, which has passed through the
catalyst 11 and from which hydrogen has been removed, that



US 8,744,729 B2

11

is, a second exhaust gas air-fuel ratio, is detected by the
catalyst downstream-side sensor 18, that is, a second air-fuel
ratio sensor.

A sensor element of the catalyst downstream-side sensor
18 is provided with a catalyst. Hydrogen in the exhaust gas is
removed also by this catalyst, that is, the sensor catalyst.
Therefore, the sensor catalyst constitutes part of a catalyst
element according to the invention. If there is hydrogen that
has not been removed by the catalyst 11, this hydrogen is
removed by the sensor catalyst. The air-fuel ratio of the
exhaust gas from which hydrogen has been removed is
detected by the catalyst downstream-side sensor 18. Note
that, the catalyst downstream-side sensor 18 need not be
provided with a catalyst. The catalyst upstream-side sensor
17 is not provided with a sensor catalyst.

According to the embodiment, the ECU 20 executes air-
fuel ratio control described below so that the air-fuel ratio of
the exhaust gas that flows into the catalyst 11 is controlled to
a value at or around the stoichiometric air-fuel ratio. The
air-fuel ratio control includes main air-fuel ratio control and
sub-air-fuel ratio control. The main air-fuel ratio control is
executed to bring the air-fuel ratio of the exhaust gas that is
detected by the catalyst upstream-side sensor 17 to a prede-
termined first target air-fuel ratio. The sub-air-fuel ratio con-
trol is executed to bring the air-fuel ratio of the exhaust gas
that is detected by the catalyst downstream-side sensor 18 to
a predetermined second target air-fuel ratio. Each of the first
target air-fuel ratio and the second target air-fuel ratio is set to
the stoichiometric air-fuel ratio.

FIG. 4 shows an air-fuel ratio control routine. The routine
is periodically executed by the ECU 20 at every one engine
cycle (=every time a crank shaft rotates 720 degrees).

In step (hereinafter, referred to as “S™) 101, the ECU 20
calculates a base fuel injection amount with which the air-fuel
ratio of the air-fuel mixture in the combustion chamber is
brought to the stoichiometric air-fuel ratio, that is, a base fuel
injection amount Qb. The base fuel injection amount Qb is
calculated based on an intake air amount Ga that is detected
by the airflow meter according to the following equation,
Qb=Ga/14.6.

In 8102, the ECU 20 receives a signal indicating the output
VT from the catalyst upstream-side sensor 17 (hereinafter,
referred to as “sensor output VI where appropriate). In S103,
the ECU 20 calculates the deviation of the sensor output VI
from a sensor output Vreff corresponding to the stoichiomet-
ric air-fuel ratio (hereinafter, referred to as “stoichiometric-
corresponding sensor output Vreff”) (see FIG. 2), that is, a
catalyst upstream-side sensor output deviation AV
(AVE=VE-Vref®).

In S104, the ECU 20 calculates a main air-fuel ratio cor-
rection amount (correction coefficient) Kf based on the cata-
lyst upstream-side sensor output deviation AVfaccordingto a
map shown in FIG. 5 (a function may be used instead of the
map). The catalyst upstream-side sensor output deviation
AVT and the main air-fuel ratio correction amount Kf are
control amounts used in the main air-fuel ratio control. For
example, if a gain is Pf, the main air-fuel ratio correction
amount Kf is expressed by the following equation, Kf=Pfx
AVT. In S105, the ECU 20 receives a value of a sub-air-fuel
ratio correction amount Kr that is set in another routine shown
in FIG. 6. Finally, in S106, the ECU 20 calculates a final fuel
injection amount that should be injected from the injector 12,
that is, a final fuel injection amount Qfnl according to the
following equation, Qfnl=K{xQb+Kzr.

According to the map in FIG. 5, as the catalyst upstream-
side sensor output V{is larger than the stoichiometric-corre-
sponding sensor output Vreft by a larger amount (AV{>0),
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that is, as the actual catalyst upstream-side air-fuel ratio is
leaner than the stoichiometric air-fuel ratio by a larger
amount, the correction amount Kf that is larger than 1 by a
larger amount is obtained, and the base fuel injection amount
Qb is increased by a larger amount. On the other hand, as the
catalyst upstream-side sensor output Vf is smaller than the
stoichiometric-corresponding sensor output Vreff by a larger
amount (AV{<0), that is, as the actual catalyst upstream-side
air-fuel ratio is richer than the stoichiometric air-fuel ratio by
alarger amount, the correction amount Kf'that is smaller than
1 by a larger amount is obtained, and the base fuel injection
amount Qb is decreased by a larger amount. In this way, the
main air-fuel ratio feedback control is executed to bring the
catalyst upstream-side air-fuel ratio that is detected by the
catalyst upstream-side sensor 17 to the stoichiometric air-fuel
ratio.

The value of the final fuel injection amount Qfnl that is
calculated in S106 is uniformly applied to all the cylinders.
That is, during one engine cycle, an amount of fuel equal to
the final fuel injection amount Qfnl is injected from the injec-
tor 12 in each cylinder. In the next engine cycle, an amount of
fuel equal to the newly-calculated final fuel injection amount
Qfnl is injected from the injector 12 in each cylinder.

As is commonly known, when the final fuel injection
amount Qfnl is calculated, another correction, for example,
coolant temperature correction, or battery voltage correction
may be additionally made.

FIG. 6 shows a routine for setting a sub-air-fuel ratio cor-
rection amount. The routine is periodically executed by the
ECU 20 in predetermined calculation cycles.

In S201, a tinier provided in the ECU 20 starts counting
elapsed time. In S202, the ECU 20 receives a signal indicating
the output Vr from the catalyst downstream-side sensor 18. In
S203, the ECU 20 calculates the deviation of the sensor
output Vr from the stoichiometric-corresponding sensor out-
put Vrefr (see FIG. 3), that is, the catalyst downstream-side
sensor output deviation AVr=Vrefr-Vr, and the catalyst
downstream-side sensor output deviation AVr is added to the
immediately preceding integrated value. FIG. 7 shows the
catalyst downstream-side sensor output deviation AVr, and
integration of the catalyst downstream-side sensor output
deviation AVr.

In S204, it is determined whether a value indicated by the
timer (hereinafter, referred to as “timer value”) has exceeded
a predetermined duration ts. If it is determined that the timer
value has not exceeded the predetermined duration ts, the
routine ends.

On the other hand, if it is determined that the timer value
has exceeded the predetermined duration ts, in S205, an inte-
grated value 2XAVr of the catalyst downstream-side sensor
output deviation AVr (hereinafter, referred to as “catalyst
downstream-side sensor output deviation integrated value
2ZAVr”) is updated and then stored as a catalyst downstream-
side sensor learned value AVrg. In S206, the sub-air-fuel ratio
correction amount Kr is calculated based on the catalyst
downstream-side sensor learned value AVrg according to a
map shown in FIG. 8, and this sub-air-fuel ratio correction
amount Kr is stored. The catalyst downstream-side sensor
learned value AVrg and the sub-air-fuel ratio correction
amount Kr are control amounts used in the sub-air-fuel ratio
control. For example, if a gain is Pr, the sub-air-fuel ratio
correction amount Kr is expressed by the following equation,
Kr=PrxAVrg. Finally, in S207, the catalyst downstream-side
sensor output deviation integrated value ZAVr is reset to 0,
and the timer is also reset to 0.

The catalyst downstream-side sensor output deviation AVr
is integrated during the predetermined duration ts in order to
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detect the time-average deviation of the catalyst downstream-
side sensor output Vr from the stoichiometric-corresponding
sensor output Vrefr. The predetermined duration ts that
restricts the duration, during which the catalyst downstream-
side sensor output deviation AVris integrated, is considerably
longer than one engine cycle. Therefore, the catalyst down-
stream-side sensor learned value AVrg and the sub-air-fuel
ratio correction amount Kr are updated in predetermined
cycles each of which is considerably longer than one engine
cycle.

As shown in FIG. 8, as the time average of the catalyst
downstream-side sensor output Vr is smaller than the sto-
ichiometric-corresponding sensor output Vrefr by a larger
amount (AVrg>0), that is, as the actual catalyst downstream-
side air-fuel ratio is leaner than the stoichiometric air-fuel
ratio by a larger amount, the correction amount Kr that is
larger than O by a larger amount is obtained, and the base fuel
injection amount Qb is increased by a larger amount when the
final fuel injection amount is calculated. On the other hand, as
the time average of the catalyst downstream-side sensor out-
put Vr is larger than the stoichiometric-corresponding sensor
output Vrefr by a larger amount (AVrg<0), that is, as the
actual catalyst downstream-side air-fuel ratio is richer than
the stoichiometric air-fuel ratio by a larger amount, the cor-
rection amount Kr that is smaller than O by a larger amount is
obtained, and the base fuel injection amount Qb is decreased
by a larger amount. In this way, the sub-air-fuel ratio feedback
control is executed to bring the catalyst downstream-side
air-fuel ratio that is detected by the catalyst downstream-side
sensor 18 to the stoichiometric air-fuel ratio. Even if the main
air-fuel ratio feedback control is executed, the air-fuel ratio
may deviate from the stoichiometric air-fuel ratio due to, for
example, deterioration of the catalyst upstream-side sensor
17. In order to offset the deviation, the sub-air-fuel ratio
feedback control is executed.

In the embodiment, every time the learned value AVrg and
the correction amount Kr are newly calculated, the learned
value AVrg and the correction amount Kr are updated to the
newly calculated values. However, the update rate may be
reduced by executing an averaging process, for example, a
smoothing process.

Next, determination as to whether abnormal air-fuel ratio
variation among the cylinders has occurred according to the
embodiment will be described.

As described in JP-A-04-318250, if a malfunction that
exerts an influence on all the cylinders has occurred in a fuel
supply system such as the injector or an air system such as the
airflow meter, the absolute value of the feedback correction
amount used in the main air-fuel ratio control increases.
Therefore, it is possible to determine whether such a malfunc-
tion has occurred by monitoring the absolute value of the
feedback correction amount using the ECU. For example, if
the fuel injection amount deviates from the amount corre-
sponding to the stoichiometric air-fuel ratio (hereinafter,
referred to as “stoichiometric-corresponding amount™) by 5%
in total (that is, if the fuel injection amount deviates from the
stoichiometric-corresponding amount by 5% in each of all the
cylinders), the feedback correction amount used in the main
air-fuel ratio control is a value that offsets the deviation of 5%,
that is, the feedback correction amount is a value correspond-
ing to —=5%. Thus, it is determined that a malfunction that
causes 5% deviation of the fuel injection amount from the
stoichiometric-corresponding amount has occurred in the
fuel supply system or the air system. When the feedback
correction amount is equal to or larger than a relatively large
predetermined value, it is determined that a malfunction that
exerts an influence on all the cylinders has occurred in the fuel
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supply system or the air system. In the embodiment, there is
provided abnormality determination means, that is, abnor-
mality determination means for determining whether a mal-
function has occurred based on the main air-fuel ratio correc-
tion amount Kf or the catalyst upstream-side sensor output
deviation AVT.

Instead of the case in which a malfunction that exerts an
influence on all the cylinders has occurred in the fuel supply
system or the air system, the case in which air-fuel ratio
variation (hereinafter, referred to as “imbalance” where
appropriate) has occurred among the cylinders will be
described below. FIG. 9 shows a case where the air-fuel ratio
in only one cylinder (cylinder #1) is richer than the air-fuel
ratio in the other three cylinders (#2 to #4). The following
description will be provided on the assumption that a mal-
function has occurred in the injector of the cylinder #1 and the
amount of fuel injected into the cylinder #1 significantly
deviates by 20% from the stoichiometric-corresponding
amount, whereas the cylinders #2 to #4 are in the normal
condition and the amount of fuel injected into each of the
cylinders #2 to #4 matches the stoichiometric-corresponding
amount. In this case, the deviation is 20% in total (20+0+0+
0=20). The deviation in this case is supposed to be equal to the
total deviation in the case where the amount of fuel injected
into each cylinder deviates from the stoichiometric-corre-
sponding amount by 5% (5+5+5+5=20).

However, the amount of hydrogen that is generated in the
combustion chambers is larger when the air-fuel ratio in only
one cylinder is considerably richer than the stoichiometric
air-fuel ratio than when the air-fuel ratios in all the cylinders
are slightly and equally richer than the stoichiometric air-fuel
ratio. The oxygen concentration in the exhaust gas decreases
by an amount corresponding to the difference in the amount
of hydrogen generated in the combustion chambers between
when the air-fuel ratio in only one cylinder is considerably
richer than the stoichiometric air-fuel ratio and when the
air-fuel ratios in all the cylinders are slightly and equally
richer than the stoichiometric air-fuel ratio. Therefore, the
output VT from the catalyst upstream-side sensor 17 exhibits
avalue on the richer side than the stoichiometric-correspond-
ing sensor output Vreff by a larger amount when the air-fuel
ratio in only one cylinder is considerably richer than the
stoichiometric air-fuel ratio than when the air-fuel ratios in all
the cylinders are slightly and equally richer than the stoichio-
metric air-fuel ratio.

FIG. 10 shows the relationship between the amount by
which the air-fuel ratio of the air-fuel mixture in one cylinder
is richer than the stoichiometric air-fuel ratio (indicated by the
abscissa axis), and the amount of hydrogen generated in the
combustion chambers (indicated by the ordinate axis). As
shown in FIG. 10, the amount of hydrogen generated in the
combustion chambers increases in a quadratic functional
manner with respect to an increase in the amount by which the
air-fuel ratio in the one cylinder is richer than the stoichio-
metric air-fuel ratio. Therefore, the amount of hydrogen that
is generated in the combustion chambers is larger and the
catalyst upstream-side sensor output Vf exhibits a value on
the richer side than the stoichiometric-corresponding sensor
output Vreff by a larger amount, when the air-fuel ratio in
only one cylinder is richer than the stoichiometric air-fuel
ratio by 20% than when the air-fuel ratios in all the cylinders
are equally richer than the stoichiometric air-fuel ratio by 5%.

Even the deviation is the same in total, the exhaust emis-
sion more deteriorates when air-fuel ratio varies among the
cylinders than when the air-fuel ratios in the respective cyl-
inders equally deviate from the stoichiometric air-fuel ratio.
For example, if the air-fuel ratios in all the cylinders deviate
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equally by 5% from the stoichiometric air-fuel ratio, the
deviation of 5% in each cylinder is offset by making a cor-
rection of -5% in the sub-air-fuel ratio feedback control.
However, if the air-fuel ratio in only one cylinder deviates by
20% from the stoichiometric air-fuel ratio, even if a correc-
tion of —=5% is made in the sub-air-fuel ratio control, the
deviation of the air-fuel ratio in the cylinder #1 from the
stoichiometric air-fuel ratio is 15%, the deviation of the air-
fuel ratio in the cylinder #2 from the stoichiometric air-fuel
ratio is —5%, the deviation of the air-fuel ratio in the cylinder
#3 from the stoichiometric air-fuel ratio is —=5%, and the
deviation of the air-fuel ratio in the cylinder #4 from the
stoichiometric air-fuel ratio is —=5%. Therefore, it seems that
the deviation is offset in total (15+(=5)+(=5)+(-5)=0). How-
ever, the air-fuel ratio in each cylinder still deviates from the
stoichiometric air-fuel ratio. Therefore, the exhaust emission
deteriorates in each cylinder.

In the main air-fuel ratio feedback control, the catalyst
upstream-side air-fuel ratio, which is used as the total air-fuel
ratio, is detected, and the detected catalyst upstream-side
air-fuel ratio is controlled to the stoichiometric air-fuel ratio.
Therefore, it is not possible to determine whether air-fuel
ratio variation among the cylinders has occurred based on the
correction amount that is used in the main air-fuel ratio feed-
back control. That is, even if air-fuel ratio variation among the
cylinders has occurred, when the total deviation is O, the
correction amount is also 0. Therefore, it seems as if the main
air-fuel ratio feedback control were executed properly with-
out any problem.

Therefore, according to the embodiment, it is determined
whether abnormal air-fuel ratio variation among the cylinders
has occurred in the following manner, using the fact that the
amount of hydrogen generated in the combustion chambers is
larger and the catalyst upstream-side sensor output Vfexhib-
its a value on the richer side than the stoichiometric-corre-
sponding sensor output Vreff by a larger amount when air-
fuel ratio variation among cylinders has occurred than when
the air-fuel ratios in all the cylinders equally deviate from the
stoichiometric air-fuel ratio.

When hydrogen is contained in the exhaust gas, the hydro-
gen in the exhaust gas is oxidized (burned) to be removed
when the exhaust gas passes through the catalyst. The air-fuel
ratio of the exhaust gas, which has not passed through the
catalyst and from which hydrogen has not been removed, that
is, the first exhaust gas air-fuel ratio is detected by the first
air-fuel ratio sensor. In addition, the air-fuel ratio of the
exhaust gas, which has passed through the catalyst and from
which hydrogen has been removed, that is, the second exhaust
gas air-fuel ratio is detected by the second air-fuel ratio sen-
sor. The first exhaust gas air-fuel ratio detection value is richer
than the second exhaust gas air-fuel ratio detection value due
to the influence of hydrogen. Conversely, the second exhaust
gas air-fuel ratio detection value is leaner than the first
exhaust gas air-fuel ratio detection value due to the influence
of hydrogen. Therefore, whether abnormal air-fuel ratio
variation among the cylinders has occurred is determined
based on the amount (deviation) by which the second exhaust
gas air-fuel ratio detection value is leaner than the first
exhaust gas air-fuel ratio detection value.

More specifically, the second exhaust gas air-fuel ratio
detection value, which is obtained after hydrogen is removed,
should be regarded as the actual exhaust gas air-fuel ratio. The
first exhaust gas air-fuel ratio detection value, which is
obtained before hydrogen is removed, is an exhaust gas air-
fuel ratio that is richer than the actual exhaust gas air-fuel ratio
due to the influence of hydrogen. In other words, the first
air-fuel ratio sensor is deceived. As the amount by which the
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air-fuel ratio in part of the cylinder is richer than the air-fuel
ratio in the other cylinders is larger, the amount of hydrogen
that is generated in the combustion chambers increases in the
quadratic functional manner. Therefore, when the first
exhaust gas air-fuel ratio detection value is richer than the
second exhaust gas air-fuel ratio detection value by a large
amount, that is, when the second exhaust gas air-fuel ratio
detection value is leaner than the first exhaust gas air-fuel
ratio detection value by a large amount, it is determined that
abnormal air-fuel ratio variation among the cylinder has
occurred.

Hereafter, description will be provided concerning deter-
mination as to whether abnormal air-fuel ratio variation
among the cylinders has occurred according to each embodi-
ment based on the principle.

First, a first embodiment will be described. As shown in
FIG. 9, a malfunction has occurred in the injector of only the
cylinder #1, and the air-fuel ratio in the cylinder #1 is richer
than the air-fuel ratio in the other cylinders #2 to #4 by a large
amount. In this case, because the main air-fuel ratio feedback
control is executed, the total exhaust gas air-fuel ratio that is
obtained after the exhaust gas from all the cylinder join
together is controlled to a value around the stoichiometric
air-fuel ratio, as shown in (A) of FIG. 9. That is, the catalyst
upstream-side sensor output V{is around the stoichiometric-
corresponding sensor output Vreff. However, the air-fuel
ratio in the cylinder #1 is richer than the stoichiometric air-
fuel ratio by a large amount, and the air-fuel ratio in the
cylinders #2 to #4 is leaner than the stoichiometric air-fuel
ratio. Therefore, the total exhaust gas air-fuel ratio is around
the stoichiometric air-fuel ratio. In addition, a large amount of
hydrogen is generated in the cylinder #1. Therefore, the out-
put VT from the catalyst upstream-side sensor 17 erroneously
indicates the air-fuel ratio that is richer than the actual air-fuel
ratio, as the stoichiometric air-fuel ratio.

When the exhaust gas that contains hydrogen passes
through the catalyst 11, the hydrogen is removed and no
longer exerts influence on the air-fuel ratio. Therefore, as
shown in (B) of FIG. 9, the output Vr from the catalyst
downstream-side sensor 18 indicates the actual air-fuel ratio,
that is, the air-fuel ratio that is leaner than the stoichiometric
air-fuel ratio. That is, the catalyst downstream-side sensor
output Vris a value on the leaner side than the stoichiometric-
corresponding sensor output Vrefr.

In other words, in order to offset the rich-deviation of the
catalyst upstream-side air-fuel ratio detection value from the
stoichiometric air-fuel ratio, which is, for example, 25 in
total, a lean-correction of -25 is made in the main air-fuel
ratio feedback control to bring the rich-deviation of the cata-
lyst upstream-side air-fuel ratio detection value from the sto-
ichiometric air-fuel ratio to 0. However, 5 out of 25 is caused
not due to the air-fuel ratio deviation but due to the influence
of hydrogen. Therefore, in the main air-fuel ratio feedback
control, the air-fuel ratio is corrected to a value excessively
leaner by 5 than the air-fuel ratio that should be achieved.
Therefore, the catalyst downstream-side air-fuel ratio is
leaner than the stoichiometric air-fuel ratio by 5.

Therefore, although the catalyst upstream-side air-fuel
ratio is controlled to the stoichiometric air-fuel ratio by the
main air-fuel ratio feedback control, the catalyst downstream-
side sensor 18 continuously detects the catalyst downstream-
side air-fuel ratio that is leaner than the stoichiometric air-fuel
ratio. Therefore, according to the first embodiment, when the
catalyst downstream-side sensor 18 continuously detects the
catalyst downstream-side air-fuel ratio that is leaner than the
stoichiometric air-fuel ratio for a predetermined duration or
longer (that is, the catalyst downstream-side sensor output is
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continuously on the leaner side than the stoichiometric-cor-
responding sensor output Vrefr) although the catalyst
upstream-side air-fuel ratio is controlled to the stoichiometric
air-fuel ratio by the main air-fuel ratio feedback control, it is
determined that abnormal air-fuel ratio variation among the
cylinders has occurred. Such difference in the air-fuel ratio
between the upstream side and the downstream side of the
catalyst occurs because a considerably large amount of
hydrogen is generated due to a malfunction in, for example,
the injector of part of the cylinders.

When the catalyst downstream-side sensor 18 detects an
exhaust gas air-fuel ratio that is leaner than the stoichiometric
air-fuel ratio, the sub-air-fuel ratio feedback control is
executed to correct the detected lean exhaust gas air-fuel ratio
to a richer value, whereby the fuel injection amount is
increased uniformly for all the cylinders. Then, the amount by
which the catalyst upstream-side air-fuel ratio detection value
is richer than the stoichiometric air-fuel ratio further
increases, and the catalyst downstream-side air-fuel ratio is
maintained at a lean value. Eventually, the main air-fuel ratio
correction amount and the sub-air-fuel ratio correction
amount become substantially equal to the values correspond-
ing to the degree of abnormal air-fuel ratio variation.

If a three-way catalyst that is able to store and release
oxygen is used as the catalyst 11, when the catalyst stores
oxygen, the catalyst exhibits the ability for oxidizing hydro-
gen more efficiently. Therefore, when it is determined
whether abnormal air-fuel ratio variation among the cylinders
has occurred, the catalyst may be placed in the oxygen storage
state in advance, more specifically, the catalyst upstream-side
air-fuel ratio may be controlled to a value leaner than the
stoichiometric air-fuel ratio for a predetermined duration.

FIG. 11 is a routine for determining whether abnormal
air-fuel ratio variation among the cylinders has occurred
according to the first embodiment. The routine is periodically
executed by the ECU 20 in predetermined calculation cycles.

In S301, it is determined whether a precondition for deter-
mination as to whether abnormal air-fuel ratio variation
among the cylinders has occurred (hereinafter, referred to as
“abnormal air-fuel ratio variation determination”) has been
satisfied. The precondition is, for example, a condition that
warming-up of the engine has been completed, or a condition
that the temperature of the catalyst has reached an activation
temperature.

If it is determined that the precondition has not been satis-
fied, in S309, a count value C1 of a lean continuation counter
(described later in detail) is reset to 0, and the routine ends.

On the other hand, if it is determined that the precondition
has been satisfied, it is determined in S302 whether an execu-
tion condition for executing the main air-fuel ratio feedback
control and the sub-air-fuel ratio feedback control has been
satisfied. The execution condition is, for examples, a condi-
tion that the catalyst upstream-side sensor 17 and the catalyst
downstream-side sensor 18 are activated, more specifically,
element impedances of the both sensors, which are detected
by the ECU 20, are smaller than a predetermined value cor-
responding to the minimum value of the temperature range in
which the sensors are activated.

If it is determined that the condition has not been satisfied,
S309 is executed. On the other hand, if it is determined that
the condition has been satisfied, S303 is executed. In S303,
the main air-fuel ratio feedback control and the sub-air-fuel
ratio feedback control (stoichiometric air-fuel ratio feedback
control) are executed using the stoichiometric air-fuel ratio as
the target air-fuel ratio.

Next, in S304, the output Vr from the catalyst downstream-
side sensor 18 is obtained. In S305, it is determined whether
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the obtained catalyst downstream-side sensor output Vr is
smaller than the stoichiometric-corresponding sensor output
Vrefr, that is, whether the catalyst downstream-side air-fuel
ratio detected by the catalyst downstream-side sensor 18 is
leaner than the stoichiometric air-fuel ratio.

Ifitis determined that the catalyst downstream-side sensor
output Vr is equal to or larger than the stoichiometric-corre-
sponding sensor output Vrefr, S309 is executed. On the other
hand, if it is determined the catalyst downstream-side sensor
output Vr is smaller than the stoichiometric-corresponding
sensor output Vrefr, the value indicated by the lean continu-
ation counter provided in the ECU 20 is increased. The lean
continuation counter is used to count the duration in which the
detection value of the catalyst downstream-side air-fuel ratio
is leaner than the stoichiometric air-fuel ratio.

Next, it is determined in S307 whether the count value C1
indicated by the lean continuation counter is equal to or larger
than a predetermined value Cls, that is, whether the duration
during which the detection value of the catalyst downstream-
side air-fuel ratio is leaner than the stoichiometric air-fuel
ratio has reached a predetermined duration.

Ifitis determined that the count value C1 is smaller than the
predetermined value Cls, the routine ends. Onthe other hand,
if it is determined that the count value C1 is equal to or larger
than the predetermined value Cls, it is determined in S308
that abnormal air-fuel ratio variation among the cylinders has
occurred, and the routine ends. After it is determined in S308
that abnormal air-fuel ratio variation among the cylinders has
occurred, it is preferable to activate an alarm device such as a
check lamp to notify a user that abnormal air-fuel ratio varia-
tion among the cylinders has occurred.

Next, a second embodiment will be described. As
described with reference to FIGS. 6 to 8, in the sub-air-fuel
ratio feedback control, the catalyst downstream-side sensor
learned value AVrg and the sub-air-fuel ratio correction
amount Kr are learned or updated at predetermined time
intervals (that is, at predetermined update rate). If abnormal
air-fuel ratio variation among the cylinders has occurred due
to, for example, a malfunction in the injector of part of the
cylinders, the catalyst downstream-side sensor output Vr con-
tinuously exhibits a lean value. Therefore, the catalyst down-
stream-side sensor learned value AVrg and the sub-air-fuel
ratio correction amount Kr are large positive values with
which the air-fuel ratio that is leaner than the stoichiometric
air-fuel ratio by a large amount is corrected to the stoichio-
metric air-fuel ratio.

This is shown in FIG. 12. FIG. 12 is a graph showing the
result of a test in which the relationship between the deviation
rate when the fuel injection amount for only one cylinder
among all the cylinders deviates from the stoichiometric-
corresponding amount, that is, the imbalance rate (%), and the
catalyst downstream-side sensor learned value AVrg. When
the fuel injection amount is a value corresponding to an
air-fuel ratio richer than the stoichiometric air-fuel ratio, the
imbalance rate is a positive value. On the other hand, when the
fuel injection amount is a value corresponding to an air-fuel
ratio leaner than the stoichiometric air-fuel ratio, the imbal-
ance rate is a negative value. As shown in FIG. 12, as the
imbalance rate is larger in such a manner that the fuel injec-
tion amount is a value corresponding to an air-fuel ratio richer
than the stoichiometric air-fuel ratio by a larger amount, the
catalyst downstream-side sensor learned value AVrg exhibits
a larger value, that is, a value that corrects the air-fuel ratio to
avalue richer than the stoichiometric air-fuel ratio by a larger
amount.

Therefore, according to the second embodiment, when the
catalyst downstream-side sensor learned value AVrg is equal
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to or larger than a malfunction determination value AVrgs, it
is determined that abnormal air-fuel ratio variation among the
cylinders has occurred. Alternatively, when the sub-air-fuel
ratio correction amount Kr that is calculated based on the
catalyst downstream-side sensor learned value AVrg is equal
to or larger than a predetermined value Krs, it is determined
that abnormal air-fuel ratio variation among the cylinders has
occurred.

As shown in FIG. 12, the imbalance rate corresponding to
the malfunction determination value AVrgs is denoted by IBs.
The imbalance rate IBs is the minimum value of the imbal-
ance rate that is not permissible in the view of, for example,
exhaust emission. FIG. 12 shows the slope of the catalyst
downstream-side sensor learned value AVrg when the air-fuel
ratio in only one cylinder deviates from the stoichiometric
air-fuel ratio (that is, when imbalance malfunction has
occurred). However, when the air-fuel ratios in all the cylin-
ders equally deviate from the stoichiometric air-fuel ratio
(that is, when balance malfunction has occurred), the slope of
the catalyst downstream-side sensor learned value AVrg is far
more moderate, as indicated by a virtual line Z in FIG. 12.
This is because, when the air-fuel ratios in all the cylinders
equally deviate from the stoichiometric air-fuel ratio, the
air-fuel ratios are corrected easily and uniformly by the main
air-fuel ratio control. Therefore, the influence on the sub-air-
fuel ratio correction amount is small. When the air-fuel ratios
in all the cylinders equally deviate from the stoichiometric
air-fuel ratio by a large amount, the correction amount used in
the main air-fuel ratio control becomes larger. Therefore,
abnormal air-fuel ratio variation among the cylinders may be
detected by the abnormality determination means that deter-
mines whether abnormal air-fuel ratio variation among the
cylinders has occurred based on the main air-fuel ratio cor-
rection amount, before the abnormal air-fuel ratio variation is
detected according to the second embodiment.

The air-fuel ratio in part of the cylinders may be leaner than
the air-fuel ratio in the other cylinders. In this case, the value
of' the catalyst downstream-side sensor learned value AVrg is
as shown in the negative imbalance rate region in FIG. 12. The
slope of the catalyst downstream-side sensor learned value
AVrg in this region is more moderate than that in the positive
imbalance rate region. When the air-fuel ratio is leaner than
the stoichiometric air-fuel ratio, the fuel injection amount is
smaller than a prescribed amount. When the air-fuel ratio in
one of the cylinders is leaner than the stoichiometric air-fuel
ratio by a large amount, usually, a misfire occurs in this
cylinder. Therefore, abnormal air-fuel ratio variation among
the cylinders due to the air-fuel ratio in the one cylinder that
is leaner than the stoichiometric air-fuel ratio is detected by a
misfire detection means. The abnormal air-fuel ratio variation
determination according to the second embodiment is par-
ticularly advantageous for abnormal air-fuel ratio variation
among the cylinders due to the air-fuel ratio in part of the
cylinders, which is richer than the stoichiometric air-fuel
ratio.

FIG. 13 shows a routine for determining whether abnormal
air-fuel ratio variation among the cylinders has occurred
according to the second embodiment. The routine is periodi-
cally executed by the ECU 20 in predetermined calculation
cycles.

In S401 as well as in S301, it is determined whether a
precondition for abnormal air-fuel ratio variation determina-
tion has been satisfied. If it is determined that the precondition
has not been satisfied, a count value Ctb indicated by a feed-
back continuation counter (described later in detail) is reset to
0 in S409, and the routine ends.
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On the other hand, if it is determined that the precondition
has been satisfied, it is determined in S402, as in S302,
whether an execution condition for executing the main air-
fuel ratio feedback control and the sub-air-fuel ratio feedback
controls has been satisfied. If it is determined that the execu-
tion condition has not been satisfied, the count value Cfb
indicated by the feedback continuation counter is reset to 0 in
S409, and the routine ends.

On the other hand, if it is determined that the execution
condition has been satisfied, S403 is executed. In S403 as well
as in S303, the stoichiometric feedback control is executed.

Next, in S404, the value indicated by the feedback continu-
ation counter provided in the ECU 20 is increased. The feed-
back continuation counter is used to count the duration during
which the stoichiometric feedback control is executed. The
duration during which the stoichiometric feedback control is
executed is counted in order to wait until the catalyst down-
stream-side sensor learned value AVrg and the sub-air-fuel
ratio correction amount Kr are updated to the values corre-
sponding to the air-fuel ratio variation among the cylinders.

Next, in S405, it is determined whether the count value Ctb
indicated by the feedback continuation counter is equal to or
larger than a predetermined value Cfbs, that is, whether a
time, which is sufficiently long for the catalyst downstream-
side sensor learned value AVrg and the sub-air-fuel ratio
correction amount Kr to be updated to the values correspond-
ing to the air-fuel ratio variation among the cylinders, has
elapsed.

If it is determined that the count value Ctb is smaller than
the predetermined value Ctbs, the routine ends. On the other
hand, if it is determined that the count value Ctb is equal to or
larger than the predetermined value Cfbs, the current value of
the sub-air-fuel ratio correction amount Kr is obtained in
S406.

In S407, it is determined whether the obtained sub-air-fuel
ratio correction amount Kr is equal to or larger than the
predetermined value Krs.

If it is determined that the sub-air-fuel ratio correction
amount Kr is smaller than the predetermined value Krs, the
routine ends. On the other hand, if it is determined that the
sub-air-fuel ratio correction amount Kr is equal to or larger
than the predetermined value Krs, it is determined in S408
that abnormal air-fuel ratio variation among the cylinders has
occurred, and the routine ends.

In this case, whether abnormal air-fuel ratio variation
among the cylinders has occurred is determined by compar-
ing the sub-air-fuel ratio correction amount Kr with the pre-
determined value. Alternatively, whether abnormal air-fuel
ratio variation among the cylinders has occurred may be
determined by comparing the catalyst downstream-side sen-
sor learned value AVrg with a predetermined value.

Next, a third embodiment will be described. As described
in the first embodiment, when abnormal air-fuel ratio varia-
tion among the cylinders has occurred, even if the catalyst
upstream-side air-fuel ratio is controlled to the stoichiometric
air-fuel ratio, the catalyst downstream-side air-fuel ratio is
leaner than the stoichiometric air-fuel ratio due to the influ-
ence of hydrogen. Therefore, even if the catalyst upstream-
side air-fuel ratio is forcibly controlled to a value richer than
the stoichiometric air-fuel ratio, the catalyst downstream-side
air-fuel ratio is leaner than the stoichiometric air-fuel ratio.

Therefore, in the third embodiment, as shown in FIG. 14, a
target air-fuel ratio that is used in the main air-fuel ratio
feedback control is forcibly set to a value (e.g. 14.1) that is
richer than the stoichiometric air-fuel ratio which is the ref-
erence value, and forcible rich feedback control is executed as
the main air-fuel ratio feedback control. Then, if the catalyst
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downstream-side sensor 18 continuously detects an exhaust
gas air-fuel ratio, which is leaner than the stoichiometric
air-fuel ratio, it is determined that abnormal air-fuel ratio
variation among the cylinders has occurred. The target air-
fuel ratio that is used in the sub-air-fuel ratio feedback control
is maintained at the stoichiometric air-fuel ratio.

FIG. 15 shows a routine for determining whether abnormal
air-fuel ratio variation among the cylinders has occurred
according to the third embodiment. The routine is mostly the
same as the routine according to the first embodiment shown
in FIG. 11. The routine according to the third embodiment
differs from the routine according to the first embodiment
only in that the forcible rich feedback control instead of the
stoichiometric feedback control is executed as the main air-
fuel ratio feedback control.

As a modification, the sub-air-fuel ratio control amount
may be obtained as in the second embodiment after the forc-
ible rich feedback control is executed, and whether abnormal
air-fuel ratio variation among the cylinders has occurred may
be determined based on the obtained sub-air-fuel ratio control
amount.

Next, a fourth embodiment will be described. In the first to
third embodiments, whether abnormal air-fuel ratio variation
among the cylinders has occurred is determined based on the
amount by which the catalyst downstream-side air-fuel ratio
detected by the catalyst downstream-side sensor 18 is leaner
than the catalyst upstream-side air-fuel ratio detected by the
catalyst upstream-side sensor 17. In contrast, according to the
fourth embodiment, a catalyst upstream-side air-fuel ratio
that is detected by a catalyst upstream-side sensor with a
catalyst is used instead of the catalyst downstream-side air-
fuel ratio that is detected by the catalyst downstream-side
sensor 18.

The structure according to the fourth embodiment is shown
in FIG. 16. The structures other than the structure shown in
FIG. 16 are the same as those in FIG. 1. A catalyst upstream-
side sensor 30 with a catalyst is disposed upstream of the
catalyst 11, more specifically, in the exhaust passage at a
position immediately upstream of the catalyst 11. The cata-
lyst upstream-side sensor 30 with a catalyst is arranged at
substantially the same position as that of the catalyst
upstream-side sensor 17. The catalyst upstream-side sensor
30 with a catalyst is formed by providing a catalyst layer in a
sensor element of an air-fuel ratio sensor that has the same
structure as that of the catalyst upstream-side sensor 17.
According to the fourth embodiment, the catalyst upstream-
side sensor 30 with a catalyst functions as the second air-fuel
ratio sensor according to the invention, instead of the catalyst
downstream-side sensor 18. Instead of the catalyst 11, the
catalyst layer that is arranged in the sensor element of the
catalyst upstream-side sensor 30 with a catalyst functions as
the catalyst element according to the invention.

The catalyst layer in the catalyst upstream-side sensor 30
with a catalyst oxidizes and burns hydrogen contained in the
exhaust gas to remove it. Therefore, the air-fuel ratio of the
exhaust gas, from which hydrogen has been removed by the
catalyst layer, is detected by the catalyst upstream-side sensor
30 with a catalyst.

FIG. 17 is a cross-sectional view showing the sensor ele-
ment of the catalyst upstream-side sensor 30 with a catalyst.
A sensor element 60 includes an insulation layer 61, a plate-
like solid electrolyte 62 that is fixed to the insulation layer 61,
and paired electrodes 63 and 64 that are provided on the
respective faces of the solid electrolyte 62. For example, the
insulation layer 61 is made of high thermal conductive ceram-
ics such as alumina. The solid electrolyte 62 is formed of a
sheet that is made of partially-stabilized zirconia. The elec-
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trodes 63 and 64 are made of platinum. An atmospheric air
chamber 65 is formed in the insulation layer 61, at a portion
that faces the inner electrode 64. Therefore, the electrode 64
is exposed to the atmosphere. Heaters 66 are embedded in the
insulation layer 61. A diffusion resistance layer 68 that is
formed of, for example, porous ceramics, is formed on the
exhaust-side electrode 63 and the solid electrolyte 62. A
shielding layer 69 is formed on the diffusion resistance layer
68. The exhaust gas in the element atmosphere enters through
an inlet face 68a of the diffusion resistance layer 68 into the
diffusion resistance layer 68, diffuses in the diffusion resis-
tance layer 68, and reaches the exhaust-side electrode 63. At
this time, a limiting current corresponding to the oxygen
concentration of the gas that has reached the exhaust-side
electrode 63 flows between the electrodes 63 and 64, and the
sensor outputs a value based on the limiting current.

The catalyst upstream-side sensor 30 with a catalyst is
formed by arranging a catalyst layer 70 on the inlet face 68a
of' the diffusion resistance layer 68. Hydrogen in the exhaust
gas is removed by the catalyst layer 70, and the gas, from
which hydrogen has been removed, is detected by the
exhaust-side electrode 63. Like the catalyst 11, the catalyst
layer 70 contains noble metal (e.g. Pt) that forms an active
spot. The catalyst layer 70 is able to remove, in addition to
hydrogen, other toxic elements in the exhaust gas (NOx, HC,
CO). The catalyst layer 70 does not interrupt gas flow. The
structure of the catalyst upstream-side sensor 17 matches the
structure obtained by excluding the catalyst layer 70 from the
catalyst upstream-side sensor 30 with a catalyst.

As shown in (A) of FIG. 16, if abnormal air-fuel ratio
variation among the cylinders has occurred, an output Vic
from the catalyst upstream-side sensor 30 with a catalyst is
leaner than the output V{ from the catalyst upstream-side
sensor 17 by a large amount. Therefore, whether abnormal
air-fuel ratio variation among the cylinders has occurred is
determined by monitoring the difference between the output
from the catalyst-upstream side sensor 30 with a catalyst and
the output from the catalyst upstream-side sensor 17. (A) of
FIG. 16 shows an example when the main air-fuel ratio con-
trol based on the catalyst upstream-side sensor output Vf is
not executed. The catalyst upstream-side sensor output Vfis
not controlled to the value corresponding to the stoichiomet-
ric air-fuel ratio. However, even if the main air-fuel ratio
control based on the catalyst upstream-side sensor output Vf
is executed, the output from the catalyst upstream-side sensor
30 with a catalyst deviates from the output from the catalyst
upstream-side sensor 17 in the same manner.

FIG. 18 shows a routine for determining whether abnormal
air-fuel ratio variation among the cylinders has occurred
according to the fourth embodiment. S601 to S603 are the
same as S301 to S303, respectively. The stoichiometric feed-
back control is executed in order to make the air-fuel ratio
condition uniform, thereby improving the accuracy of deter-
mination.

Next, in S604, the catalyst upstream-side sensor output VI
is obtained. Then, the output Vfc from the catalyst upstream-
side sensor with a catalyst 30 is obtained in S605.

Then, in S606, the difference between the outputs from
these sensors (AVic=Vifc-V1) is calculated, and it is deter-
mined whether the difference AVfc is equal to or larger than
a predetermined value AVfcs. If it is determined that the
difference AVfc is not equal to or larger than the predeter-
mined value AVics, the routine ends. On the other hand, if it
is determined that the difference AVfc is equal to or larger
than the predetermined value AVfcs, it is determined in S607
that abnormal air-fuel ratio variation among the cylinders has
occurred, and the routine ends.
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Next, a fifth embodiment will be described. The structure
in the fifth embodiment is mostly the same as the structure in
the above-described embodiment shown in FIG. 1. The same
elements will be denoted by the same reference numerals.
Hereafter, mainly the difference between the fiftth embodi-
ment and the above-described embodiment will be described.

As shown in FIG. 19, in the fifth embodiment, a hydrogen
concentration sensor 40 that detects the hydrogen concentra-
tion in the exhaust gas is arranged upstream of the catalyst 11,
more specifically, in the exhaust passage at a position imme-
diately upstream of the catalyst 11. The hydrogen concentra-
tion sensor 40 is arranged at substantially the same position as
that of the catalyst upstream-side sensor 17.

In the fifth embodiment, the ECU 20 determines whether
abnormal air-fuel ratio variation among the cylinders has
occurred based on an output from the hydrogen concentration
sensor 40. That is, if abnormal air-fuel ratio variation among
the cylinders has occurred, the hydrogen concentration in the
exhaust gas increases. Therefore, whether abnormal air-fuel
ratio variation among the cylinders has occurred is deter-
mined using this phenomenon. More specifically, when the
output from the hydrogen concentration sensor 40 or the
hydrogen concentration that is detected based on the output
from the hydrogen concentration sensor 40 is equal to or
larger than a predetermined value, it is determined that abnor-
mal air-fuel ratio variation among the cylinders has occurred.
Alternatively, when an output integrated value that is
obtained by integrating the output from the hydrogen concen-
tration sensor 40 for a predetermined duration or an integrated
hydrogen concentration that is calculated based on the output
integrated value is equal to or larger than a predetermined
value, it is determined that abnormal air-fuel ratio variation
among the cylinders has occurred. When such determination
is made, it is preferable to use the output from the hydrogen
concentration sensor during execution of at least the main
air-fuel ratio feedback control. As long as the main air-fuel
ratio feedback control is executed, the hydrogen concentra-
tion in the exhaust gas is supposed to fall within a predeter-
mined range. Conversely, if the hydrogen concentration in the
exhaust gas is equal to or higher than a predetermined value,
it is determined that abnormal air-fuel ratio variation among
the cylinders has occurred. As a matter of course, the sub-air-
fuel ratio feedback control may be executed in addition to the
main air-fuel ratio feedback control.

As can be understood from the above description, accord-
ing to each embodiment, it is not necessary to detect air-fuel
ratio fluctuations that are in synchronization with engine rota-
tion. Therefore, the air-fuel ratio sensor need not be a highly-
responsive one. Accordingly, even a sensor which has been
deteriorated to some extent and have reduced response may
be used. A high-speed processing data sample and a high-
power ECU are not required. In addition, high-resistance to
disturbance and high robustness are provided. Also, there is
no restriction on the engine operating conditions and the
position at which the sensor is arranged. Therefore, each
embodiment described above is considerably practical.
According to each embodiment described above, it is possible
to determine whether abnormal air-fuel ratio variation among
the cylinders has occurred with high accuracy.

A description concerning the abnormality determination
means described above will be provided below. When the
main air-fuel ratio feedback control and the sub-air-fuel ratio
feedback control are executed, the control amount is kept
within a predetermined guard range. As shown in FIG. 20, the
catalyst upstream-side sensor output deviation AVT in the
main air-fuel ratio feedback control takes only a value within
arange between an upper limit guard value AV{H and a lower
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limit guard value AVAL (AVIL=AV{=<AV{H) in the control. In
accordance with this, the main air-fuel ratio correction
amount Kf'takes only a value within a range between an upper
limit guard value KfH and a lower limit guard value K{l.
(KfL=Kf=<KfH). For example, when the calculated catalyst
upstream-side sensor output deviation AVT is equal to or
larger than the upper limit guard value AVTH, it is determined
that the catalyst upstream-side sensor output deviation AVE
has reached the upper limit guard value AVfH, and the cata-
lyst upstream-side sensor output deviation AVTis fixed to the
upper limit guard value AVH in the control. At the same time,
it is determined that a malfunction which exerts an influence
on all the cylinders has occurred in the fuel supply system or
the air system (i.e., a balance malfunction has occurred).
Thus, it is possible to avoid the situation in which the main
air-fuel ratio control is executed using abnormally large con-
trol amount although a malfunction that exerts an influence on
all the cylinders has occurred in the fuel supply system or the
air system.

Similarly, as shown in FIG. 21, in the sub-air-fuel ratio
feedback control, the catalyst downstream-side sensor
learned value AVrg takes only a value within a range between
an upper limit guard value AVrgH and a lower limit guard
value AVrgl. (AVrgl.=AVrg=AVrgH). In accordance with
this, the sub-air-furl ratio correction amount Kr takes only a
value within a range between an upper limit guard value KrH
and a lower limit guard value Kr[L (KrLL.=<Kr=KrH). For
example, when the calculated catalyst downstream-side sen-
sor learned value AVrg is equal to or larger than the upper
limit guard value AVrgH, it is determined that the catalyst
downstream-side sensor learned value AVrg has reached the
upper limit guard value AVrgH. The catalyst downstream-
side sensor learned value AVrg is fixed to the upper limit
guard value AVrgH in the control. At the same time, it is
determined that a malfunction that exerts an influence on all
the cylinders has occurred in the fuel supply system or the air
system (i.e., a balance malfunction has occurred). Thus, it is
possible to avoid the situation in which the sub-air-fuel ratio
control is executed using abnormally large control amount
although a malfunction that exerts an influence on all the
cylinders has occurred in the fuel supply system or the air
system.

Ifthe guard range is set in the above-described manner, the
following problem will occur when it is determined whether
abnormal air-fuel ratio variation among the cylinders has
occurred. As shown in FIG. 22, when a balance malfunction
has occurred, the relationship between the imbalance rate and
the catalyst downstream-side sensor learned value AVrgis as
indicated by a virtual line Z in FIG. 22. The guard range,
especially, the upper limit guard value AVrgH is set based on
the relationship. Therefore, when a balance malfunction has
occurred, the catalyst downstream-side sensor learned value
AVrg is increased along the virtual line Z. When the catalyst
downstream-side sensor learned value AVrg is equal to or
larger than the upper limit guard value AVrgH, it is deter-
mined that a balance malfunction has occurred.

However, in many cases, the malfunction determination
value AVrgs that is appropriate to determine whether an
imbalance malfunction has occurred is larger than the upper
limit guard value AVrgH that is appropriate to determine
whether a balance malfunction has occurred. Therefore, it is
sometimes not possible to detect an imbalance malfunction
due to the relationship between the malfunction determina-
tion value AVrgs and the upper limit guard value AVrgH.
More specifically, even ifthe actual catalyst downstream-side
sensor learned value AVrg is increased due to an imbalance
malfunction, the actual catalyst downstream-side sensor
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learned value AVrg reaches the upper limit guard value
AVrgH before reaching the malfunction determination value
AVrgs. Therefore, it is erroneously determined that a balance
malfunction has occurred.

Therefore, in order to solve this problem, in a sixth embodi-
ment, when a determination as to whether abnormal air-fuel
ratio variation among the cylinders has occurred is made, the
guard range in the sub-air-fuel ratio feedback control is
increased so as to include at least the malfunction determina-
tion value AVrgs. More specifically, the upper limit guard
value AVrgH is changed to a value that is equal to or larger
than the malfunction determination value AVrgs (value equal
to the malfunction determination value AVrgs in the sixth
embodiment). Thus, the catalyst downstream-side sensor
learned value AVrg may be changed to a value that is larger
than the upper limit guard value AVrgH of the prescribed
guard range, that is, the catalyst downstream-side sensor
learned value AVrgis able to take a value that is larger than the
prescribed upper limit guard value AVrgH in the control.
Therefore, the catalyst downstream-side sensor learned value
AVrg is able to reach the malfunction determination value
AVrgs. As a result, it is possible to determine whether abnor-
mal air-fuel ratio variation among the cylinders has occurred
without any problems.

Alternatively, the guard range for the sub-air-fuel ratio
correction amount Kr may be increased. More specifically,
the upper limit guard value KrH of the sub-air-fuel ratio
correction amount Kr may be changed to a value equal to or
larger than the sub-air-fuel ratio correction amount corre-
sponding to the malfunction determination value AVrgs.
When these guard ranges are increased, the lower limit guard
value need not be changed, or may be changed to a smaller
value to further increase the guard range. Further alterna-
tively, execution of the sub-air-fuel ratio control may be per-
mitted even if the control amount is outside the guard range.
In other words, the sub-air-fuel ratio control using the control
amount that is limited within the guard range may be prohib-
ited so as not to set the guard range of the sub-air-fuel ratio
correction amount Kr. In this case, the sub-air-fuel ratio con-
trol using the sub-air-fuel ratio correction amount Kr that is
outside the guard range and the sub-air-fuel ratio control
using the sub-air-fuel ratio correction amount Kr that is
within the guard range are executed.

As shown in FIG. 7, the catalyst downstream-side sensor
learned value AVrg is updated each time the predetermined
duration is has elapsed. Therefore, even when abnormal air-
fuel ratio variation among the cylinders has occurred, it takes
a long time for the catalyst downstream-side sensor learned
value AVrg to actually reach the malfunction determination
value AVrgs. If the time that is required for the catalyst
downstream-side sensor learned value AVrg to reach the mal-
function determination value AVrgs is considerably long, the
time required for the determination is also considerably long.

In order to solve this problem, in the sixth embodiment,
when a determination as to whether abnormal air-fuel ratio
variation among the cylinders has occurred is made, the
update rate for the catalyst downstream-side sensor learned
value AVrg is made higher than a prescribed rate. That is, the
duration ts is made shorter than the prescribed value. Thus, it
is possible to reduce the time required for the determination
by updating the catalyst downstream-side sensor learned
value AVrg more promptly. If the update rate for the catalyst
downstream-side sensor learned value AVrg is increased, the
update rate for the sub-air-fuel ratio correction amount Kr is
increased in accordance with an increase in the update rate for
the catalyst downstream-side sensor learned value AVrg.
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In the sixth embodiment, the guard range is increased and
the update rate is also increased. Alternatively, one of the
guard range and the update rate may be increased. For
example, when the malfunction determination value AVrgs in
the prescribed state is set within the guard range, the guard
range need not be increased.

FIG. 23 shows a routine for determining whether abnormal
air-fuel ratio variation has occurred among the cylinders
according to the sixth embodiment. The routine is periodi-
cally executed by the ECU 20 in predetermined calculation
cycles.

In 8701, it is determined whether a precondition for deter-
mining whether abnormal air-fuel ratio variation among the
cylinders has occurred has been satisfied. The precondition is,
for example, a condition that warming-up of the engine has
been completed, or a condition that the temperature of the
catalyst has reached an activation temperature.

If it is determined that the precondition has not been satis-
fied, the routine ends. On the other hand, if it is determined
that the precondition has been satisfied, it is determined in
S702 whether an execution condition for executing the main
air-fuel ratio feedback control and the sub-air-fuel ratio feed-
back control has been satisfied. The condition is, for example,
a condition that the catalyst upstream-side sensor 17 and the
catalyst downstream-side sensor 18 are activated, more spe-
cifically, a condition that element impedances of the sensors,
which are detected by the ECU 20, are smaller than a prede-
termined value corresponding to the minimum value of the
temperature range in which the sensors are activated.

Ifitis determined that the execution condition has not been
satisfied, the routine ends. On the other hand, if it is deter-
mined that the execution condition has been satisfied, S703 is
executed. In S703, the guard range for the catalyst down-
stream-side sensor learned value AVrg is increased, and the
update rate for the catalyst downstream-side sensor learned
value AVrg is also increased. Namely, as described above, the
upper limit guard value AVrgH of the catalyst downstream-
side sensor learned value AVrg is changed to a value equal to
the malfunction determination value AVrgs that is larger than
the prescribed value. In addition, the update duration is for the
catalyst downstream-side sensor learned value AVrg is made
shorter than the prescribed value.

After the guard range and the update rate are increased as
described above, the main air-fuel ratio feedback control and
the sub-air-fuel ratio feedback control (stoichiometric feed-
back control) are executed in S704 using the stoichiometric
air-fuel ratio as the target air-fuel ratio.

Next, it is determined in S705 whether a predetermined
duration has elapsed since the stoichiometric feedback con-
trol is started, that is, whether the time, which is sufficiently
long for the catalyst downstream-side sensor learned value
AVrg and the sub-air-fuel ratio correction amount Kr to be
changed to values corresponding to the air-fuel ratio varia-
tion, has elapsed. The update rate is increased in S703. There-
fore, it is possible to set the predetermined duration to a
relatively short duration. Thus, it is possible to reduce the time
required to determine whether abnormal air-fuel ratio varia-
tion among the cylinders has occurred.

If it is determined that the predetermined duration has not
elapsed, the routine ends. On the other hand, if it is deter-
mined that the predetermined duration has elapsed, a current
value of the catalyst downstream-side sensor learned value
AVrg is obtained.

Then, it is determined in S707 whether the obtained cata-
lyst downstream-side sensor learned value AVrg is equal to or
larger than the malfunction determination value AVrgs.
Because the upper limit guard value AVrgH is changed to the
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malfunction determination value AVrgs in S703, the catalyst
downstream-side sensor learned value AVrg is able to be
increased to the malfunction determination value AVrgs.

When the catalyst downstream-side sensor learned value
AVrg is equal to or larger than the malfunction determination
value AVrgs (i.e., equal to the malfunction determination
value AVrgs), it is determined in S708 that abnormal air-fuel
ratio variation among the cylinders has occurred, and the
routine ends. After it is determined that abnormal air-fuel
ratio variation among the cylinders has occurred, it is prefer-
able to activate an alarm device such as a check lamp to notify
a user that abnormal air-fuel ratio variation among the cylin-
ders has occurred.

On the other hand, if it is determined that the catalyst
downstream-side sensor learned value AVrg is smaller than
the malfunction determination value AVrgs, it is determined
that abnormal air-fuel ratio variation among the cylinders has
not occurred. Then, S709 is executed. In S709, the guard
range and the update rate for the catalyst downstream-side
sensor learned value AVrg are returned to the prescribed
guard range and the prescribed update rate, and the routine
ends.

In this case, whether abnormal air-fuel ratio variation
among the cylinders has occurred is determined by compar-
ing the catalyst downstream-side sensor learned value AVrg
with the predetermined value. As a matter of course, whether
abnormal air-fuel ratio variation among the cylinders has
occurred may be determined by comparing the sub-air-fuel
ratio correction amount Kr with the predetermined value.

Next, a determination as to whether abnormal air-fuel ratio
variation among the cylinders has occurred according to a
seventh embodiment will be described.

In the seventh embodiment, it is preliminarily determined
whether there is a possibility that abnormal air-fuel ratio
variation among the cylinders may have occurred before con-
firming whether abnormal air-fuel ratio variation among the
cylinders has occurred in the above-described manner. Here-
after, a confirmation as to whether abnormal air-fuel ratio
variation among the cylinders has occurred will be referred to
as “final determination”, and a determination as to whether
there is a possibility that abnormal air-fuel ratio variation
among the cylinders may have occurred will be referred to as
“preliminary determination”. If it is determined in the pre-
liminary determination that there is a possibility that abnor-
mal air-fuel ratio variation among the cylinders may have
occurred, a final determination is made. Making a prelimi-
nary determination before a final determination makes it pos-
sible to make a double check. As a result, it is possible to
enhance the accuracy and reliability of the determination.

A first example of the preliminary determination will be
described below. As shown in FIGS. 24 A and 24B, if abnor-
mal air-fuel ratio variation among the cylinders has occurred,
the volatility of the exhaust gas air-fuel ratio in one engine
cycle (=720° CA) is increased. The air-fuel ratio diagram “a”
in FIG. 24B indicates the detection value of the catalyst
upstream-side air-fuel ratio when there is no air-fuel ratio
variation among the cylinders. The air-fuel ratio diagram “b”
in FIG. 24B indicates the detection value of the catalyst
upstream-side air-fuel ratio when the air-fuel ratio in only one
cylinder is richer than the stoichiometric air-fuel ratio by
20%. The air-fuel ratio diagram “c” in FIG. 24B indicates the
detection value of the catalyst upstream-side air-fuel ratio
when the air-fuel ratio in only one cylinder is richer than the
stoichiometric air-fuel ratio by 50%. As shown in FIG. 24B,
as the range of variation increases, the amplitude of the air-
fuel ratio fluctuation increases and the frequency also
increases.
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Therefore, when the amplitude of the air-fuel ratio fluctua-
tion or the frequency is larger than a predetermined value, it is
determined that there is a possibility that abnormal air-fuel
ratio variation among the cylinders may have occurred. In the
seventh embodiment, the preliminary determination is made
as described below using the amplitude. The difference
between the catalyst upstream-side sensor output Vf and the
stoichiometric-corresponding sensor output Vreff, more spe-
cifically, the absolute value of the catalyst upstream-side sen-
sor output deviation AVT, which is the difference between the
catalyst upstream-side sensor output Vf and the stoichiomet-
ric-corresponding sensor output Vreff, is integrated for a pre-
determined duration. When the integrated value exceeds a
predetermined value, it is determined that there is a possibil-
ity that abnormal air-fuel ratio variation among the cylinders
may have occurred. As the fluctuation of the exhaust gas
air-fuel ratio increases, the absolute value of the catalyst
upstream-side sensor output deviation AV{ increases. There-
fore, it is possible to determine whether there is a possibility
that abnormal air-fuel ratio variation among the cylinders
may have occurred.

FIG. 25 shows a routine for determining whether abnormal
air-fuel ratio variation among the cylinders has occurred. The
routine includes the first example of the preliminary determi-
nation. The routine is periodically executed by the ECU 20 in
predetermined calculation cycles.

S801 and S802 are the same as S701 and S702, respec-
tively. In S803 as well as in S704, stoichiometric feedback
control is executed. However, at this stage, the guard range
and the update rate for the catalyst downstream-side sensor
learned value AVrg have not been increased.

In S804, the absolute value of the current catalyst
upstream-side sensor output deviation AVTis calculated, and
this value is added to the immediately preceding integrated
value, whereby the catalyst upstream-side sensor output
deviation AVTis integrated. In S805, it is determined whether
a predetermined integration duration has elapsed since the
integration is started (namely, since the stoichiometric feed-
back control is started in S803). If it is determined that the
predetermined integration duration has not elapsed, the rou-
tine ends. On the other hand, if it is determined that the
predetermined integration duration has elapsed, the final inte-
grated value of the catalyst upstream-side sensor output
deviation AVT is obtained in S806, and the final integrated
value is compared with the predetermined preliminary mal-
function determination value.

If it is determined that the final integrated value is equal to
or smaller than the preliminary malfunction determination
value, it is determined that there is no possibility that abnor-
mal air-fuel ratio variation among the cylinders may have
occurred, and the routine ends. On the other hand, if it is
determined that the final integrated value exceeds the prelimi-
nary malfunction determination value, it is determined that
there is a possibility that abnormal air-fuel ratio variation
among the cylinders may have occurred, and S807 is
executed.

In S807 to S812, the processes related to the above-de-
scribed final determination are executed. That is, in S807 as
well as in S703, the guard range of the catalyst downstream-
side sensor learned value AVrg is increased, and the update
rate for the catalyst downstream-side sensor learned value
AVrg is also increased. Then, in this state, it is determined in
S808 whether a predetermined duration (which is longer than
the integration duration) has elapsed since the stoichiometric
feedback control is started. If it is determined that the prede-
termined duration has not elapsed, the routine ends. On the
other hand, if it is determined that the predetermined duration
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has elapsed, the processes that are the same as those in S706
to S709 are executed in S809 to S812. In S809 to S812, it is
determined whether abnormal air-fuel ratio variation among
the cylinders has occurred.

Next, a second example of the preliminary determination
will be described. As shown in FIG. 9, if abnormal air-fuel
ratio variation among the cylinders has occurred, the catalyst
upstream-side sensor 17 continuously detects a catalyst
upstream-side air-fuel ratio that is around the stoichiometric
air-fuel ratio due to the main air-fuel ratio feedback control.
However, the catalyst downstream-side sensor 18 continu-
ously detects a catalyst downstream-side air-fuel ratio that is
leaner than the stoichiometric air-fuel ratio due to the influ-
ence of hydrogen (i.e., the catalyst downstream-side sensor
output is continuously a value on the lean side). In the second
example of the preliminary determination, a determination is
made using the above-described facts. If the catalyst down-
stream-side sensor 18 continuously detects the catalyst down-
stream-side air-fuel ratio that is leaner than the stoichiometric
air-fuel ratio for a predetermined duration or longer although
the catalyst upstream-side air-fuel ratio is controlled to the
stoichiometric air-fuel ratio by the main air-fuel ratio feed-
back control, it is determined that there is a possibility that
abnormal air-fuel ratio variation has among the cylinders may
have occurred.

FIG. 26 shows a routine for determining whether abnormal
air-fuel ratio variation among the cylinders has occurred. The
routine includes the second example of the preliminary deter-
mination. The routine is periodically executed by the ECU 20
in predetermined calculation cycles.

S901 and S902 are the same as S701 and S702, respec-
tively. In S903 as well as in S704, the stoichiometric feedback
control is executed. However, at this stage, the guard range
and the update rate for the catalyst downstream-side sensor
learned value AVrg have not been increased.

In S904, the output Vr from the catalyst downstream-side
sensor 18 is obtained, and it is determined whether the
obtained catalyst downstream-side sensor output Vr is
smaller than the stoichiometric-corresponding sensor output
Vrefr, that is, whether the catalyst downstream-side air-fuel
ratio detected by the catalyst downstream-side sensor 18 is
leaner than the stoichiometric air-fuel ratio. If it is determined
that the catalyst downstream-side sensor output Vr is smaller
than the stoichiometric-corresponding sensor output Vrefr, in
S905, the count value C1 indicated by the lean continuation
counter provided in the ECU 20 is increased, and S907 is
executed. The lean continuation counter is used to count the
duration during which the detection value of the catalyst
downstream-side air-fuel ratio is leaner than the stoichiomet-
ric air-fuel ratio. On the other hand, if it is determined that the
catalyst downstream-side sensor output Vr is equal to or
larger than the stoichiometric-corresponding sensor output
Vreft, the lean continuation counter is reset to 0 in S906, and
S907 is executed.

In S907, it is determined whether the count value C1 indi-
cated by the lean continuation counter is equal to or larger
than the predetermined value Cls, that is, whether the dura-
tion during which the detection value of the catalyst down-
stream-side air-fuel ratio is leaner than the stoichiometric
air-fuel ratio is equal to or longer than the predetermined
duration.

Ifit is determined that the count value C1 is not equal to or
larger than the predetermined value Cls, it is determined that
there is no possibility that abnormal air-fuel ratio variation
among the cylinder may have occurred, and the routine ends.
On the other hand, if it is determined that the count value C1
is equal to or larger than the predetermined value Cls, it is
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determined that there is a possibility that abnormal air-fuel
ratio variation among the cylinders may have occurred, and
S908 is executed.

In S908 to S913, the processes that are the same as those in
S807 to S812 are executed. The processes in S908 to S913 are
related to the final determination.

Next, a third example of the preliminary determination will
be described. In the third example, a three-way catalyst that
has oxygen storage function is used as the catalyst 11. In this
case, when the air-fuel ratio of the exhaust gas that flows into
the catalyst (i.e., catalyst upstream-side air-fuel ratio) is
leaner than the stoichiometric air-fuel ratio, the catalyst stores
oxygen in the exhaust gas. On the other hand, when the
air-fuel ratio of the exhaust gas is richer than the stoichiomet-
ric air-fuel ratio, the catalyst releases the stored oxygen. The
so-called Cmax method is known as a method for determining
whether such three-way catalyst has deteriorated. The Cmax
method is executed using the fact that the oxygen storage
capacity of the catalyst decreases if the catalyst deteriorates.
According to the Cmax method, the amount of oxygen that
can be stored in (or released from) the catalyst (i.e., the
oxygen storage capacity OSC) in the current state is mea-
sured, and whether the catalyst has deteriorated is determined
by comparing the measured value with a predetermined
value. In the determination as to whether the catalyst has
deteriorated, active air-fuel ratio control for forcibly chang-
ing the air-fuel ratio between a rich air-fuel ratio and a lean
air-fuel ratio is executed, the amount of oxygen stored in the
catalyst and the amount of oxygen released from the catalyst
are measured multiple times during the active air-fuel ratio
control, and the average value is used as the final oxygen
storage capacity OSC and compared with a predetermined
value.

Hereafter, measurement of the amount of oxygen stored in
the catalyst and the amount of oxygen released from the
catalyst will be described with reference to FIGS. 27A to
27D. FIG. 27 A indicates a target air-fuel ratio A/F (indicated
by a dashed line) and a catalyst upstream-side air-fuel ratio
A/Ff (indicated by a solid line) that is detected by the catalyst
upstream-side sensor 17. FIG. 27B indicates the catalyst
downstream-side sensor output Vr. FIG. 27C indicates the
integrated value of the amount of oxygen released from the
catalyst, that is, the released oxygen amount OSAa. FIG. 27D
indicates the integrated value of the amount of oxygen stored
in the catalyst, that is, the stored oxygen amount OSAD.

As shown in FIGS. 27A to 27D, the air-fuel ratio of the
exhaust gas that flows into the catalyst is alternately changed
between a lean air-fuel ratio and a rich air-fuel ratio forcibly
at predetermined timing by executing the active air-fuel ratio
control. For example, before time t1, the target air-fuel ratio
A/Ft is set to a value leaner than the stoichiometric air-fuel
ratio (e.g. 15.1), and lean gas flows into the catalyst 11. At this
time, the catalyst 11 continuously stores oxygen, and reduces
lean component (NOx) in the exhaust gas to remove it. How-
ever, when the catalyst 11 is saturated with oxygen, that is, the
catalyst 11 has stored oxygen to the fullest extent, the catalyst
11 is no longer able to absorb oxygen. Then, the lean gas
passes through the catalyst 11 and flows toward the down-
stream-side of the catalyst 11. In this state, the output from the
catalyst downstream-side sensor 18 changes to a lean value,
and the output from the catalyst downstream-side sensor 18
reaches the stoichiometric-corresponding sensor output Vrefr
(time t1). At this time, the target air-fuel ratio A/Ft is changed
to a value richer than the stoichiometric air-fuel ratio (e.g.
14.1).

Then, rich gas flows into the catalyst 11. At this time, the
catalyst 11 continuously releases the stored oxygen, and oxi-
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dizes the rich components (HC, CO) in the exhaust gas to
remove them. When the stored oxygen is entirely released
from the catalyst 11, the catalyst is no longer able to release
the oxygen. Then, the rich gas flows through the catalyst 11
and flows toward the downstream-side of the catalyst 11. In
this state, the catalyst downstream-side air-fuel ratio is
changed to a value richer than the stoichiometric air-fuel
ratio, and the output from the catalyst downstream-side sen-
sor 18 reaches the stoichiometric-corresponding sensor out-
put Vrefr (time t2). At this time, the target air-fuel ratio A/Ft
is changed to a lean air-fuel ratio. Thus, the air-fuel ratio is
repeatedly changed between a rich air-fuel ratio and a lean
air-fuel ratio.

As shown in FIG. 27C, in the release cycle from time t1 to
time t2, an amount OS Aa of oxygen, which is released during
aconsiderably short predetermined cycle, is integrated. More
specifically, an amount dOSA (dOSAa) of oxygen released
during one calculation cycle is calculated by the following
equation (1) from time t11, at which the output from the
catalyst upstream-side sensor 17 reaches the stoichiometric-
corresponding sensor output, to time t2, at which the output
from the catalyst downstream-side sensor 18 is changed to a
rich value (reaches Vrefr), and the released oxygen amount
dOSA (dOSAa) is integrated. The final integrated value thus
obtained is used as a measured value of the released oxygen
amount OSAa corresponding to the amount of oxygen stored
in the catalyst.

dOSA=AA/FXQxK = A/Fs-A/FfrIxOxK o)

Q is the fuel injection amount. An amount of excess air or
a shortfall of the air can be calculated by multiplying an
air-fuel ratio difference AA/F by the fuel injection amount Q.
K is the ratio of oxygen contained in the air to the air (approxi-
mately 0.23).

Similarly, in the storage cycle from time t2 to time t3, as
shown in FIG. 27D, an amount dOSA (dOSAb) of oxygen,
which is stored during one calculation cycle, is calculated
according to the above equation 1), and the stored oxygen
amount dOSA (dOSAD) is integrated from time from time
121, at which the output from the catalyst upstream-side sen-
sor 17 reaches the stoichiometric-corresponding sensor out-
put, to time t3, at which the output from the catalyst down-
stream-side sensor 18 is changed to a rich value (reaches
Vrefr). The final integrated value thus obtained is used as a
measured value of the stored oxygen amount OSAb corre-
sponding to the amount of oxygen stored in the catalyst. By
repeating the release cycle and the storage cycle in this way,
the released oxygen amount OSAa and the stored oxygen
amount OASb are measured and obtained multiple times.

In principle, the amount of oxygen that can be stored in the
catalyst is equal to the amount of oxygen that can be released
from the catalyst. Therefore, the released oxygen amount
OSAa is supposed to be equal to the stored oxygen amount
OSAD. That is, the released oxygen amount OSAa and the
stored oxygen amount OSAb are in a symmetrical relation-
ship. However, if abnormal air-fuel ratio variation among the
cylinders occurs, the symmetrical relationship is lost, and the
released oxygen amount OS Aa and the stored oxygen amount
OSAD are asymmetric. That is, the output from the catalyst
upstream-side sensor 17 is richer than the actual value due to
the influence of hydrogen. Therefore, the air-fuel ratio of the
exhaust gas that is actually supplied to the catalyst is slightly
leaner than the apparent air-fuel ratio detected by the catalyst
upstream-side sensor 17. Therefore, the measured value of
the released oxygen amount OS Aa and the measured value of
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the stored oxygen amount OSADb are not equal to each other.
The released oxygen amount OSAa is larger than the stored
oxygen amount OSAb.

Therefore, the preliminary determination is made using
this phenomenon. That is, the released oxygen amount OSAa
and the stored oxygen amount OSAb are measured, and the
ratio R between the measured value of the released oxygen
amount OSAa and the measured value of the stored oxygen
amount OSAD is calculated. If the ratio R is larger than a
predetermined value, it is determined that there is a possibil-
ity that abnormal air-fuel ratio variation among the cylinders
may have occurred. Alternatively, when the difference
between the measured values is larger than a predetermined
value, it may be determined that there is a possibility that
abnormal air-fuel ratio variation among the cylinders may
have occurred.

FIG. 28 shows a routine for determining whether abnormal
air-fuel ratio variation has occurred. The routine includes the
third example of the preliminary determination. The routine
is periodically executed by the ECU 20 in predetermined
calculation cycles.

S1001 and S1002 are the same as S701 and S702, respec-
tively. In S1003, it is determined whether a predetermined
condition appropriate for executing the active air-fuel ratio
control has been satisfied. When the engine is in the steady
operating state, for example, when the volatility of the detec-
tion value of the intake air amount Ga and the volatility of the
detection value of the engine speed Ne are within predeter-
mined ranges, it is determined that the condition has been
satisfied. If it is determined that the condition has not been
satisfied, the routine ends. On the other hand, if it is deter-
mined that the condition has been satisfied, S1004 is
executed.

In S1004, the active air-fuel ratio control is executed. In
S1005, the released oxygen amount OSAa and the stored
oxygen amount OSAb are measured, and the measured values
are obtained multiple times. Next, in S1006, the average value
OSAaAV of the multiple measured values of the released
oxygen amount OSAa and the average value OSAbAV of the
multiple measured values of the stored oxygen amount OSAb
are calculated, and the ratio R between the average value
OSAaAV and the average value OSAbAV is calculated. Then,
the ratio R and the predetermined value Rs are compared with
each other. The predetermined value Rs is set to a value larger
than 1.

When the ratio R is equal to or smaller than the predeter-
mined value Rs, it is determined that there is no possibility
that abnormal air-fuel ratio variation among the cylinders
may have occurred, and the routine ends. On the other hand,
if the ratio R is larger than the predetermined value Rs, it is
determined that there is a possibility that abnormal air-fuel
ratio variation among the cylinders may have occurred, and
S1007 is executed.

In S1007 and the following steps, the processes related to
the final determination are executed. In S1007 as well as in
S803, the stoichiometric feedback control is executed. In
S1008 as well as in S807, the guard range and the update rate
for the catalyst downstream-side sensor learned value AVrg
are increased. In S1009 to S1013, the processes that are the
same as those in S808 to S812 are executed.

Note that, at least two of the first to third examples of the
preliminary determination may be combined with each other.

The example embodiments of the invention have been
described above. However, the invention may be imple-
mented in various other embodiments. For example, the inter-
nal combustion engine described above is an intake port (in-
take passage) injection type. However, the invention may be
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applicable to a direct injection engine and a dual injection
engine in which both types of injection may be performed. In
the embodiments described above, a wide range air-fuel ratio
sensor is arranged upstream of the catalyst, and an O, sensor
is arranged downstream of the catalyst. Alternatively, a wide
range air-fuel ratio sensor may be arranged downstream of the
catalyst, or an O, sensor may be arranged upstream of the
catalyst. Sensors that detect an air-fuel ratio of the exhaust
gas, for example, a wide-range air-fuel ratio sensor and an O,
sensor are referred to as air-fuel ratio sensors in the invention.
In the embodiments described above, a target air-fuel ratio
that is used in each of the main air-fuel ratio control and the
sub-air-fuel ratio control is set to the stoichiometric air-fuel
ratio. However, a target air-fuel ratio used in the main air-fuel
ratio control may be different from a target air-fuel ratio used
in the sub-air-fuel ratio control. For example, when the engine
is started or when the engine is warmed up, each of the target
air-fuel ratio used in the main air-fuel ratio control and the
target air-fuel ratio used in the sub-air-fuel ratio control may
be setto a value slightly richer than the stoichiometric air-fuel
ratio. The invention may be applicable in this case as well.

In the embodiments described above, the air-fuel ratio in
one cylinder (cylinder #1) of the four cylinder engine is richer
than the air-fuel ratio in the other three cylinders (cylinders #2
to #4). However, the number of cylinders of which the air-fuel
ratio is richer than the other cylinders is not limited to a certain
number. The invention may be applicable in a case in which
the air-fuel ratios in some cylinders (for example, cylinders
#1 and #2) are richer than the air-fuel ratio in the other
cylinders (for example, cylinders #3 and #4). When the air-
fuel ratios in the cylinders #1 to #3 are richer than the air-fuel
ratio in the cylinder #4, the air-fuel ratio in the cylinder #4 is
leaner than the air-fuel ratios in the cylinders #1 to #3. The
invention may be applicable in this case as well.

The embodiments of the invention that have been described
in the specification are to be considered in all respects as
illustrative and not restrictive. The technical scope of the
invention is defined by claims, and all changes which come
within the meaning and range of equivalency of the claims are
therefore intended to be embraced therein.

The invention claimed is:

1. An apparatus for detecting abnormal air-fuel ratio varia-
tion among cylinders of a multi-cylinder internal combustion
engine, comprising:

acatalyst element that is provided in an exhaust passage of
the multi-cylinder internal combustion engine, and that
oxidizes at least hydrogen contained in exhaust gas to
remove the hydrogen;

a first air-fuel ratio sensor that detects a first exhaust gas
air-fuel ratio which is an air-fuel ratio of exhaust gas that
has not passed through the catalyst element;

a second air-fuel ratio sensor that detects a second exhaust
gas air-fuel ratio which is an air-fuel ratio of exhaust gas
that has passed through the catalyst element; and

an abnormality determination unit that determines whether
abnormal air-fuel ratio variation among the cylinders
has occurred based on an amount by which a detection
value of the second exhaust gas air-fuel ratio is leaner
than a detection value of the first exhaust gas air-fuel
ratio.

2. The apparatus according to claim 1, wherein:

the first air-fuel ratio sensor is arranged in the exhaust
passage at a position upstream of the catalyst element;

the second air-fuel ratio sensor is arranged in the exhaust
passage at a position downstream of the catalyst ele-
ment; and
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the apparatus further comprises an air-fuel ratio control
unit that executes air-fuel ratio control that includes
main air-fuel ratio control for bringing the detection
value of the first exhaust gas air-fuel ratio to a predeter-
mined first target air-fuel ratio and sub-air-fuel ratio
control for bringing the detection value of the second
exhaust gas air-fuel ratio to a predetermined second
target air-fuel ratio.

3. The apparatus according to claim 2, wherein the abnor-
mality determination unit determines that abnormal air-fuel
ratio variation among the cylinders has occurred when the
detection value of the second exhaust gas air-fuel ratio is
continuously leaner than the first target air-fuel ratio for a
predetermined duration or longer during the air-fuel ratio
control executed by the air-fuel ratio control unit.

4. The apparatus according to claim 2, wherein:

the air-fuel ratio control unit calculates a control amount

that is used in the sub-air-fuel ratio control based on an
output from the second air-fuel ratio sensor; and

the abnormality determination unit determines that abnor-

mal air-fuel ratio variation among the cylinders has
occurred, when the control amount is a value that is
equal to or larger than a predetermined value based on
which the second exhaust gas air-fuel ratio is corrected
to aricher value during the air-fuel ratio control executed
by the air-fuel ratio control unit.

5. The apparatus according to claim 2, wherein:

the air-fuel ratio control unit forcibly sets the first target

air-fuel ratio that is used in the main air-fuel ratio control
to a value that is richer than a reference value; and

the abnormality determination unit determines that abnor-

mal air-fuel ratio variation among the cylinders has
occurred when the detection value of the second exhaust
gas air-fuel ratio is continuously leaner than the second
target air-fuel ratio during the air-fuel ratio control
executed by the air-fuel ratio control unit.

6. The apparatus according to claim 1, wherein:

the catalyst element is arranged in a sensor element of the

second air-fuel ratio sensor and

the abnormality determination unit determines that abnor-

mal air-fuel ratio variation among the cylinders has
occurred when the detection value of the second exhaust
gas air-fuel ratio is leaner than the detection value of the
first exhaust gas air-fuel ratio by an amount that is equal
to or larger than a predetermined value.

7. The apparatus according to claim 2, wherein each of the
first target air-fuel ratio and the second target air-fuel ratio is
set to a stoichiometric air-fuel ratio.

8. The apparatus according to claim 2, wherein:

the air-fuel ratio control unit updates a control amount that

is used in the sub-air-fuel ratio control at a predeter-
mined update rate based on an output from the second
air-fuel ratio sensor;

the abnormality determination unit determines that abnor-

mal air-fuel ratio variation among the cylinders has
occurred when the control amount reaches a predeter-
mined abnormality determination value based on which
the second exhaust gas air-fuel ratio is corrected to a
richer value; and

when the air-fuel ratio control unit executes the sub-air-

fuel ratio control using the control amount that is within
apredetermined guard range and the abnormality deter-
mination unit determines whether abnormal air-fuel
ratio variation among the cylinders has occurred, the
air-fuel ratio control unit executes control for increasing
the update rate for the control amount.
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9. The apparatus according to claim 2, wherein:

the air-fuel ratio control unit updates a control amount that
is used in the sub-air-fuel ratio control at a predeter-
mined update rate based on an output from the second
air-fuel ratio sensor;

the abnormality determination unit determines that abnor-
mal air-fuel ratio variation among the cylinders has
occurred when the control amount reaches a predeter-
mined abnormality determination value based on which
the second exhaust gas air-fuel ratio is corrected to a
richer value; and

when the air-fuel ratio control unit executes the sub-air-
fuel ratio control using the control amount that is within
apredetermined guard range and the abnormality deter-
mination unit determines whether abnormal air-fuel
ratio variation among the cylinders has occurred, the
air-fuel ratio control unit executes control for increasing
the guard range so that the guard range includes the
abnormality determination value.

10. The apparatus according to claim 2, wherein:

the air-fuel ratio control unit updates a control amount that
is used in the sub-air-fuel ratio control at a predeter-
mined update rate based on an output from the second
air-fuel ratio sensor;

the abnormality determination unit determines that abnor-
mal air-fuel ratio variation among the cylinders has
occurred when the control amount reaches a predeter-
mined abnormality determination value based on which
the second exhaust gas air-fuel ratio is corrected to a
richer value; and

when the air-fuel ratio control unit executes the sub-air-
fuel ratio control using the control amount that is within
apredetermined guard range and the abnormality deter-
mination unit determines whether abnormal air-fuel
ratio variation among the cylinders has occurred, the
air-fuel ratio control unit executes both control for
increasing the guard range so that the guard range
includes the abnormality determination value and con-
trol for increasing the update rate for the control amount.

11. The apparatus according to claim 2, wherein:

the air-fuel ratio control unit updates a control amount that
is used in the sub-air-fuel ratio control at a predeter-
mined update rate based on an output from the second
air-fuel ratio sensor;

the abnormality determination unit determines that abnor-
mal air-fuel ratio variation among the cylinders has
occurred when the control amount reaches a predeter-
mined abnormality determination value based on which
the second exhaust gas air-fuel ratio is corrected to a
richer value;

the air-fuel ratio control unit executes the sub-air-fuel ratio
control using the control amount that is within a prede-
termined guard range; and

when the abnormality determination unit determines
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred, the air-fuel ratio control unit per-
mits execution of the sub-air-fuel ratio control even if the
control amount is outside the predetermined guard
range.

12. The apparatus according to claim 8, further compris-

ing:

a preliminary determination unit that preliminarily deter-
mines whether there is a possibility that abnormal air-
fuel ratio variation among the cylinders has occurred
before the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred,

5

10

20

25

35

45

50

55

60

65

36

wherein the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred after the preliminary determination
unit determines that there is a possibility that air-fuel
ratio variation among the cylinders has occurred.

13. The apparatus according to claim 9, further compris-

ing:

a preliminary determination unit that preliminarily deter-
mines whether there is a possibility that abnormal air-
fuel ratio variation among the cylinders has occurred
before the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred,

wherein the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred after the preliminary determination
unit determines that there is a possibility that air-fuel
ratio variation among the cylinders has occurred.

14. The apparatus according to claim 10, further compris-

ing:

a preliminary determination unit that preliminarily deter-
mines whether there is a possibility that abnormal air-
fuel ratio variation among the cylinders has occurred
before the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred,

wherein the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred after the preliminary determination
unit determines that there is a possibility that air-fuel
ratio variation among the cylinders has occurred.

15. The apparatus according to claim 11, further compris-

ing:

a preliminary determination unit that preliminarily deter-
mines whether there is a possibility that abnormal air-
fuel ratio variation among the cylinders has occurred
before the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred,

wherein the abnormality determination unit confirms
whether abnormal air-fuel ratio variation among the cyl-
inders has occurred after the preliminary determination
unit determines that there is a possibility that air-fuel
ratio variation among the cylinders has occurred.

16. The apparatus according to claim 12, wherein the pre-
liminary determination unit determines that there is a possi-
bility that abnormal air-fuel ratio variation among the cylin-
ders has occurred, when at least one of a) a condition that an
integrated value which is obtained by integrating a difference
between an output from the first air-fuel ratio sensor and a
sensor output corresponding to the first target air-fuel ratio for
a predetermined duration, exceeds a predetermined value, b)
a condition that the second exhaust gas air-fuel ratio that is
detected by the second air-fuel ratio sensor is continuously
leaner than the first target air-fuel ratio for a predetermined
duration or longer, and c) a condition that a ratio or a differ-
ence between an amount of oxygen stored in the catalyst
element and an amount of oxygen released from the catalyst
element is larger than a predetermined value is satisfied.

17. The apparatus according to claim 13, wherein the pre-
liminary determination unit determines that there is a possi-
bility that abnormal air-fuel ratio variation among the cylin-
ders has occurred, when at least one of a) a condition that an
integrated value which is obtained by integrating a difference
between an output from the first air-fuel ratio sensor and a
sensor output corresponding to the first target air-fuel ratio for
a predetermined duration, exceeds a predetermined value, b)
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a condition that the second exhaust gas air-fuel ratio that is
detected by the second air-fuel ratio sensor is continuously
leaner than the first target air-fuel ratio for a predetermined
duration or longer, and c) a condition that a ratio or a differ-
ence between an amount of oxygen stored in the catalyst
element and an amount of oxygen released from the catalyst
element is larger than a predetermined value is satisfied.

18. The apparatus according to claim 14, wherein the pre-
liminary determination unit determines that there is a possi-
bility that abnormal air-fuel ratio variation among the cylin-
ders has occurred, when at least one of a) a condition that an
integrated value which is obtained by integrating a difference
between an output from the first air-fuel ratio sensor and a
sensor output corresponding to the first target air-fuel ratio for
a predetermined duration, exceeds a predetermined value, b)
a condition that the second exhaust gas air-fuel ratio that is
detected by the second air-fuel ratio sensor is continuously
leaner than the first target air-fuel ratio for a predetermined
duration or longer, and c) a condition that a ratio or a differ-
ence between an amount of oxygen stored in the catalyst
element and an amount of oxygen released from the catalyst
element is larger than a predetermined value is satisfied.

19. The apparatus according to claim 15, wherein the pre-
liminary determination unit determines that there is a possi-
bility that abnormal air-fuel ratio variation among the cylin-
ders has occurred, when at least one of a) a condition that an
integrated value which is obtained by integrating a difference
between an output from the first air-fuel ratio sensor and a
sensor output corresponding to the first target air-fuel ratio for
a predetermined duration, exceeds a predetermined value, b)
a condition that the second exhaust gas air-fuel ratio that is
detected by the second air-fuel ratio sensor is continuously
leaner than the first target air-fuel ratio for a predetermined
duration or longer, and c) a condition that a ratio or a differ-
ence between an amount of oxygen stored in the catalyst
element and an amount of oxygen released from the catalyst
element is larger than a predetermined value is satisfied.

20. A method for detecting abnormal air-fuel ratio varia-
tion among cylinders of a multi-cylinder internal combustion
engine in which a catalyst element, which oxidizes at least
hydrogen contained in exhaust gas to remove the hydrogen, is
provided in an exhaust passage, comprising:

detecting with a first sensor, a first exhaust gas air-fuel ratio
which is an air-fuel ratio of exhaust gas that has not
passed through the catalyst element;

detecting with a second sensor, a second exhaust gas air-
fuel ratio which is an air-fuel ratio of exhaust gas that has
passed through the catalyst element;

comparing with a processor, a detection value of the first
exhaust gas air-fuel ratio with a detection value of the
second exhaust gas air-fuel ratio; and

determining with the processor, whether abnormal air-fuel
ratio variation among the cylinders has occurred based
on an amount by which the detection value of the second
exhaust gas air-fuel ratio is leaner than the detection
value of the first exhaust gas air-fuel ratio.

21. The method according to claim 20, wherein:

a first air-fuel ratio sensor that detects the first exhaust gas
air-fuel ratio is arranged in the exhaust passage at a
position upstream of the catalyst element;

a second air-fuel ratio sensor that detects the second
exhaust gas air-fuel ratio is arranged in the exhaust pas-
sage at a position downstream of the catalyst element;
and

the method further comprises executing air-fuel ratio con-
trol that includes main air-fuel ratio control for bringing
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the detection value of the first exhaust gas air-fuel ratio
to a predetermined first target air-fuel ratio and sub-air-
fuel ratio control for bringing the detection value of the
second exhaust gas air-fuel ratio to a predetermined
second target air-fuel ratio.
22. The method according to claim 21, wherein it is deter-
mined that abnormal air-fuel ratio variation among the cylin-
ders has occurred when the detection value of the second
exhaust gas air-fuel ratio is continuously leaner than the first
target air-fuel ratio for a predetermined duration or longer
during the air-fuel ratio control.
23. The method according to claim 21, wherein:
the air-fuel ratio control includes calculating a control
amount that is used in the sub-air-fuel ratio control; and

it is determined that abnormal air-fuel ratio variation
among the cylinders has occurred when the control
amount is a value that is equal to or larger than a prede-
termined value based on which the second exhaust gas
air-fuel ratio is corrected to a richer value during the
air-fuel ratio control.

24. The method according to claim 21, wherein:

the air-fuel ratio control includes forcibly setting the first

target air-fuel ratio that is used in the main air-fuel ratio
control to a value that is richer than a reference value;
and

it is determined that abnormal air-fuel ratio variation

among the cylinders has occurred when the detection
value of the second exhaust gas air-fuel ratio is continu-
ously leaner than the second target air-fuel ratio during
the air-fuel ratio control.

25. The method according to claim 20, wherein:

the first exhaust gas air-fuel ratio is detected by a first

air-fuel ratio sensor;

the second exhaust gas air-fuel ratio is detected by a second

air-fuel ratio sensor;

the catalyst element is arranged in a sensor element of the

second air-fuel ratio sensor; and
it is determined that abnormal air-fuel ratio variation
among the cylinders has occurred when the detection
value of the second exhaust gas air-fuel ratio is leaner
than the detection value of the first exhaust gas air-fuel
ratio by an amount that is equal to or larger than a
predetermined value.
26. The method according to claim 21, wherein each of the
first target air-fuel ratio and the second target air-fuel ratio is
set to a stoichiometric air-fuel ratio.
27. The method according to claim 21, further comprising:
updating a control amount that is used in the sub-air-fuel
ratio control at a predetermined update rate based on an
output from the second air-fuel ratio sensor; and

executing at least one of control for increasing a guard
range so that the guard range includes a predetermined
abnormality determination value, based on which the
second exhaust gas air-fuel ratio is corrected to a richer
value, and control for increasing the update rate for the
control amount, when the sub-air-fuel ratio control is
executed using the control amount that is within the
guard range and whether abnormal air-fuel ratio varia-
tion among the cylinders has occurred is determined,

wherein it is determined that abnormal air-fuel ratio varia-
tion among the cylinders has occurred when the control
amount reaches the predetermined abnormality determi-
nation value.



